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Channel catfish (Ictalurus punctatus) are raised for aquaculture in ponds characterized by
dramatic swings in dissolved oxygen concentration. If morning dissolved oxygen concentration
falls below approximately 3.0 mg/L catfish consume less feed, leading to a reduction in growth
and production. Although the effects of low oxygen on channel catfish appetite have been
described, the underlying mechanisms responsible for those effects are unknown. Increased
production of the neuropeptides corticotropin-releasing factor (CRF) and urotensin I (UI) are
implicated in other fishes as neuropeptides that reduce appetite once an environmental stressor is
detected. This project characterizes the hematological responses and transcriptional response of
the hypothalamus to acute, chronic, and cyclical (repeating periods of hypoxia and normoxia)
hypoxia. During acute (12 hours) hypoxia, venous PO2 decreased within 6 hours, coupled with
an increase in hematocrit and decreased blood osmolality. These changes reversed within 12
hours after returning to normoxia but were not coupled with a change in transcription of the
genes for CRF and UI. If this pattern of hypoxia and normoxia is repeated cyclically for 5 days,
the same physiological responses repeat continually. During chronic hypoxia up to 5 days in
duration, channel catfish have a similar hematological response, but did not recover to normoxic

control values over the duration of the challenge. Likewise, no significant change in gene
expression of CRF or UI were detected during chronic hypoxia. The hypothalamic transcriptome
was analyzed during a 12-hour exposure to hypoxia followed by a 12-hour normoxic recovery.
Across all time points, 190 genes were differentially expressed, with the greatest numbers
occurring during periods of hypoxia. Differentially expressed genes were grouped into Gene
Ontology biological processes and were most overrepresented by the term “response to
hypoxia,” which included genes involved with angiogenesis, red blood cell production, and
negative feedback to hypoxia-inducible factor proteins. Although this study did not find a
change in hypothalamic transcription of CRF and UI, it did identify multiple adaptive responses
that work together to reduce the severity of hypoxia along with several gene candidates for future
hypoxia studies.
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CHAPTER I
INTRODUCTION AND LITERATURE REVIEW
1.1

United States catfish aquaculture
The United States (U.S.) catfish industry, which raises channel catfish (Ictalurus

punctatus), blue catfish (I. furcatus) and the channel catfish × blue catfish hybrid (female I.
punctatus × male I. furcatus) is the country’s largest aquaculture segment (USDA, 2018).
Catfish food fish sales are 3.6-fold higher than trout, the next closest species, and the annual
value of catfish sales is equal to 51% of the entire U.S. aquaculture industry (USDA, 2018).
Catfish farming in the U.S. began during the 1970s and quickly expanded throughout the
southeastern U.S during the 1980-1990s, with production peaking in 2003 at 300 million
kilograms (660 million pounds, Figure 1.1; Tucker and Robinson, 1990). After 2003, market
forces (competition from imported catfish and tilapia and rising input prices) dropped annual
catfish production to a low of 136 million kilograms in 2012 which has since stabilized around
150 million kilograms (340 million pounds, Figure 1.1) per year. The industry is based largely
in the states of Alabama, Arkansas, and Mississippi. Currently, farmers in the U.S. catfish
industry are increasing production per hectare by adopting novel technologies such as intensive
aeration in standard or split-pond systems and raising hybrid catfish (Kumar et al., 2020b).
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1.2

Earthen pond water quality dynamics
Historically in a typical production system, catfish were raised in earthen ponds which

were subjected to moderate diel fluctuations in dissolved oxygen (DO) and dissolved carbon
dioxide concentrations (Boyd, 1985). Respiration from phytoplankton and fishes and bacterial
oxidation of waste routinely caused the dissolved oxygen concentration of catfish ponds to fall
into moderate levels of hypoxia (2.0 - 5.0 mg O2/L) at night where supplemental aeration may
not have been necessary to sustain fish. If the following day had sufficient levels of sunlight,
photosynthesis would produce enough oxygen to increase dissolved oxygen concentration to
supersaturation (Boyd, 1985). However, as production intensity increased throughout the
evolution of the catfish industry, the amplitude of diel swings in dissolved oxygen also increased,
leaving ponds at the risk of becoming severely hypoxic (< 1.0 mg O2/L) and potentially even
anoxic, leading to fish death (Boyd et al., 2018). These potentially massive swings in dissolved
oxygen (ranging from < 1.0 to > 20.0 mg O2/L) over the course of 24 hours necessitated the use
of supplemental mechanical aeration, typically in the form of electric paddlewheels (Boyd et al.,
2018; Lai-Fa and Boyd, 1988). As fish density and ultimately production increases, other water
quality variables can begin to change from those seen in less eutrophic waters. For example, in
less intensive systems ammonia (NH3 + NH4+) is typically assimilated by the pond’s
phytoplankton and typically does not approach toxic levels; with high feed inputs ammonia can
begin to accumulate. The increase in ammonia may then cause nitrite (NO2-) and nitrate (NO3-)
to accumulate from nitrification (Brune et al., 2003; Hargreaves, 1998). With an increase in
nitrification, there is a commensurate destruction of alkalinity (Brune et al., 2003) which can
lead to broader swings in pH from dissolved carbon dioxide. However, commercial catfish
ponds are unlikely to encounter nitrogen-based water chemistry concerns unless there is
2

sufficient amount of feed (the primary source of nitrogen introduced into ponds) being fed to the
fish. Today, the most successful production regimes rely on high fish density and high rates of
feeding, which require supplemental mechanical aeration to maintain sufficient dissolved oxygen
concentrations.
1.3

Physiological responses to hypoxia in fishes
The physiological response to hypoxia in fishes tends to be multi-faceted, coordinated

effort utilizing a variety of systems and adaptations to cope with periods of low dissolved
oxygen. In general, metabolic rate is maintained independent of a decreasing environmental
dissolved oxygen concentration until the critical oxygen tension (Pcrit) is reached, at which point
oxygen consumption falls with the partial pressure of oxygen (PO2) in the environment
(Richards, 2009). However, with the onset of hypoxia, a variety of physiological mechanisms
work in concert to maintain aerobic metabolic rate, effectively lowering the Pcrit of an individual.
Commonly, fish manipulate breathing frequency and volume to maintain the amount of oxygen
extracted from the water (Steffensen et al., 1982). A reversible increase in lamellar surface area
can occur within one day of hypoxia, increasing the uptake capacity of oxygen at the gills (Sollid
et al., 2003). The cardiac response typically decreases heart rate (bradycardia) with a concurrent
increase in stroke volume resulting in a similar cardiac output to normoxic levels and can occur
within minutes of the onset of hypoxia (Gamperl and Driedzic, 2009). In addition, fishes
generally increase erythrocyte and hemoglobin concentration and increase Hb-O2 binding
capacity during hypoxia (Wells, 2009).

3

1.3.1

Fish appetite in response to hypoxia
While a myriad of water chemistry variables may impact catfish production, the foremost

concern is dissolved oxygen concentration (Boyd et al., 2018). To maximize production
potential, catfish should be fed to satiation daily, a practice that requires strict management of
dissolved oxygen concentration to maximize the fish’s appetite. Like any aquaculture endeavor,
feed consumption and growth rate are inextricably linked and of utmost importance to farmer
success. With catfish, producing and harvesting a market-sized food fish quickly is critical for
improving production and survival and therefore also improving food conversion rates (FCR)
and profitability (Kumar et al., 2020a).
If nighttime dissolved oxygen concentration falls below 3.0 to 3.5 mg/L (40% saturation
at 30 °C) and carries into the morning due to inadequate aeration, feed consumption decreases
the following day (Figure 1.2; Torrans, 2005 and 2008; Torrans et al., 2012). If dissolved
oxygen concentration falls to 1.5 mg/L (20% saturation at 30 °C), channel catfish will consume
on average 36% less feed than catfish maintained in ponds where the minimum dissolved oxygen
is maintained above 4.0 mg/L (Torrans et al., 2012). Over the course of an entire growing
season, this reduced feeding leads to slower growth and reduced production, though dissolved
oxygen concentration above 1.5 mg/L does not negatively impact food conversion (Torrans,
2005 and 2008; Torrans et al., 2012). Similar to channel catfish, both the blue catfish and hybrid
catfish decrease feed consumption in response to dissolved oxygen concentrations below 3.0 to
3.5 mg/L, yet both seem to consume relatively more feed than channel catfish at similar
dissolved oxygen concentrations (Torrans et al., 2012; 2015).
Other economically important fishes also decrease feed consumption with the onset of
hypoxia. Atlantic salmon (Salmo salar) subjected to intermittent hypoxia ate 25% less feed than
4

their normoxic counterparts (Burt et al. 2014). Likewise, common carp (Cyprinus carpio)
maintained under chronic hypoxic conditions decreased their feed consumption by 79%
compared to fish maintained under normoxia (Bernier et al. 2012). Similarly, turbot
(Scophthalmus maximus) and European sea bass (Dicentrarchus labrax) held constantly at low
dissolved oxygen ate 33-44% less than fish in normoxia (Pichavant et al. 2001).
1.3.2

Appetite regulation
Appetite regulation is a multi-faceted and complex process (Steinert et al., 2012).

Mechanical, neuronal, and hormonal feedback signals all work to increase and decrease appetite
in response to physiological and environmental signals. Distension of the stomach produces a
mechanical feedback from sensory nerves that signal satiety (Powley and Phillips, 2004). The
stomach also produces the orexigenic (appetite stimulant) peptide ghrelin, which is released after
the stomach empties of food (Crespo et al., 2014). Satiety signals from the intestine are largely
governed by nutrients, which rapidly decrease hunger once they arrive in the intestine
(Cummings and Overduin, 2007). However, intestinal nutrient signals do not act on the nervous
system alone, as they trigger a cascade of events mediated by various gut peptides. These gut
peptides stimulate nearby nerves or enter the blood stream and act as hormones (Cummings and
Overduin, 2007). In addition to gut peptides, certain neuropeptides produced in the
hypothalamus are important in appetite regulation. Neuropeptides are large peptide molecules
synthesized by neurons and are similar to hormones. Appetite-regulating neuropeptides act
within the hypothalamus or travel to different areas of the brain and include both anorectic
(appetite suppressant) and orexigenic factors (Parker and Bloom, 2012).

5

1.3.3

Role of neuropeptides in appetite regulation
Neuropeptides are highly conserved among animal groups, and their function appears to

be highly conserved among fishes (Volkoff et al., 2009). Neuropeptides affecting appetite have
been studied in a diverse group of animals and include the anorectic neuropeptide W (NPW) in
rats (Naso et al., 2014), orexigenic neuropeptides such as agouti-related peptide (AgRP) and
neuropeptide Y (NPY) in chickens (Wang et al., 2014), and the orexigenic NPY in frogs
(Sundström et al., 2012). Several fishes have been the subject of neuropeptide studies, many of
which have examined the orexigenic effects of NPY, including zebrafish (Danio rerio, Yokobori
et al., 2012), grass carp (Ctenopharyngodon idella, Zhou et al., 2013), goldfish (Carassius
auratus, Narnaware and Peter, 2001) and cod (Gadus morhua, Kehoe and Volkoff, 2008).
Injections of urotensin I (UI) and corticotropin-releasing factor (CRF) in goldfish reduced food
intake within a 2-hour period (Bernier and Peter, 2001). Kehoe and Volkoff (2008)
demonstrated that low temperature increased anorectic neuropeptide cocaine- and amphetamineregulated transcript (CART) expression in cod (G. morhua), which depressed food intake.
Intraperitoneal injections of urocortin 3 (UCN3) in the Siberian sturgeon (Acipenser baerii)
decreased feeding, while ucn3 gene expression decreased during fasting and increases postfeeding, suggesting it may play an important role in appetite regulation (Zhang et al., 2016). The
regulation of neuropeptides is influenced by both intrinsic (metabolism, ontogeny, gender, and
genetics) and extrinsic (temperature, photoperiod, and water quality) factors (Volkoff et al.,
2009).
1.3.4

Role of neuropeptides in fish appetite regulation
As a commercially important species in aquaculture and recreational fisheries, rainbow

trout (Oncorhynchus mykiss) are well-studied, with studies focusing on the role of the anorectic
6

neuropeptides CRF and UI (Craig et al., 2005; Ortega et al., 2005) and cholecystokinin (CCK,
Gelineau and Boujard, 2001). Exposure to toxic ammonia elicits an increase in CRF and UI
transcription in rainbow trout, which was associated with a subsequent decrease in food
consumption (Ortega et al., 2005). Gelineau and Boujard (2001) found that rainbow trout
increased food consumption when treated with an antagonist for the anorectic CCK. Finally,
rainbow trout transferred from freshwater to saltwater had increased CRF and UI gene
expression and an associated decrease in appetite (Craig et al., 2005).
One example of an environmental factor that regulates neuropeptide production is
hypoxia. It is possible that with the onset of hypoxia, presumably at or below Pcrit, production of
anorectic neuropeptides could increase. The effect of hypoxia on neuropeptide expression has
been studied in two fish species, rainbow trout and Atlantic salmon. Intermittent hypoxic events
had no effect on the mRNA expression of NPY and CART in Atlantic salmon (Burt et al., 2012).
However, it is possible that increased expression of the neuropeptides NPY and CART in
Atlantic salmon is not stimulated by hypoxic or environmental stress. Acute hypoxia (levels
achieved within 2 hours) generates an increase in CRF and UI expression in rainbow trout within
24 hours, leading to a decrease in feed consumption (Bernier and Craig, 2005).
1.4

Hypothalamic-pituitary-interrenal (HPI) axis
Both CRF and UI are neuropeptide components of the CRF system, which also includes

orthologs of mammalian urocortin 2 and 3 (Bernier, 2006). The CRF system activates the
hypothalamic-pituitary-interrenal (HPI) axis, the physiological underpinning of the stress
response (Barton, 2002). Briefly, a perceived stressor stimulates the hypothalamus to produce
CRF and UI, which causes the pituitary to upregulate production of adrenocorticotropic hormone
(ACTH). In bony fishes, ACTH stimulates the anterior kidney and releases cortisol into
7

systemic circulation (Barton, 2002). Currently, it is unclear how the underlying interactions
between CRF, UI, and cortisol affect appetite (Bernier and Peter, 2001). Tomasso et al. (1981)
discovered both brief and extended periods of severe hypoxia caused an increase in
corticosteroids (cortisol, cortisone, and corticosterone) in channel catfish.
1.5

Neuropeptide regulation of channel catfish appetite
The role of neuropeptides during hypoxia has not been studied in channel catfish,

although the general role of neuropeptides in appetite regulation has been examined in a few
studies. Cocaine- and amphetamine-regulated transcript (CART) levels decrease with fasting
and are lower in catfish that eat more feed (Kobayashi et al., 2008). Intracerebroventricular
injections of glucagon-like peptide-1 (GLP-1) decrease the amount of feed consumed by catfish
by 50%, but intraperitoneal and intravenous injections had a reduced response (Silverstein et al.,
2001). Intraperitoneal injections of ghrelin rapidly increased production of growth hormone
(Kaiya et al., 2005), but the impact on appetite was not investigated. The mRNA of growth
hormone-releasing hormone-like peptide (GHRHLP) and pituitary adenylate cyclase activating
polypeptide (PACAP), both of which are likely growth regulators, were identified in channel
catfish brain, pituitary, fat, gut, gonads, and muscle by Small and Nonneman (2001).
1.6

Objectives
As intensive, pond-based production regimes (i.e., a split-pond system or intensively

aerated smaller earthen ponds) evolve and stocking densities increase, management of oxygen
and other water quality parameters have become an increasingly critical and complex issue. The
central objective of this project is to characterize the underlying physiological and molecular
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responses to hypoxia in channel catfish, with the goal of identifying neuropeptides that regulate
appetite. To accomplish this, the following objectives were completed:
1. Develop a novel quantitative polymerase chain reaction (qPCR) assay to measure
transcription of CRF and UI in the channel catfish hypothalamus.
2. Investigate the physiological responses and gene expression of CRF and UI to
varying durations and patterns of hypoxia in channel catfish.
3. Analyze the transcriptome of channel catfish during hypoxia using RNA sequencing
(RNA-seq).
To accomplish these objectives as a part of this project, a system for delivering the
appropriate water quality parameters was also developed.
Through these objectives, this project provides the basis for understanding the underlying
physiological mechanisms that ensure survival and regulate catfish appetite during hypoxia.
Identifying neuropeptides responsible for appetite regulation during hypoxia can potentially
serve as meaningful bioindicators of hypoxic stress or other water quality variables in future
studies. If the genes responsible for appetite modulation during hypoxia are known, it may be
possible to circumvent or suppress the upregulation of these genes, either through selective
breeding programs, genetic manipulation, or providing an antagonist to block their function in
vivo.
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Figure 1.1

Farm-raised catfish (Ictalurus punctatus, I. furcatus, and the I. punctatus × I.
furcatus hybrid) processed in the United States from 1970 to 2019.

The industry grew rapidly from 1980 until 2003, at which point it began contracting from
increased competition and input costs. Reproduced from data collected from Hanson (2021).

10

Figure 1.2

Effect of dissolved oxygen concentration on relative feed consumption of
catfishes.

Morning minimum dissolved oxygen concentration impacts feed consumption of channel catfish
(Ictalurus punctatus), blue catfish (I. furcatus), and the channel × blue catfish hybrid. Data
adopted from Greene and Rawles, 2011; Torrans, 2005 and 2008; Torrans et al., 2012.
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CHAPTER II
DESIGN OF A VACUUM DEGASSING APPARATUS TO REDUCE NITROGEN
SUPERSATURATION AND CREATE HYPOXIC WATER FROM
WELL-WATER
2.1

Abstract
Water derived from an underground well or spring is commonly supersaturated with

nitrogen and low in dissolved oxygen. These conditions are generally harmful to fishes and
water must be treated to reduce total dissolved gases and adjust dissolved oxygen concentrations
to desired levels. Typically, corrective methods remove nitrogen while increasing the oxygen
concentration, but this is not desirable for situations where hypoxic conditions are needed for
experimental purposes. In this project, a vacuum degasser was designed to remove excess
nitrogen from well water while keeping dissolved oxygen concentration low (i.e., ≤ 2.0 mg/L).
Additionally, in a parallel system, a head-tank water treatment system was designed to remove
excess nitrogen while simultaneously increasing the oxygen concentration to create normoxic
conditions. These systems provide applicable solutions to overcoming gas supersaturation in
well water and produce desired water quality without requiring the use of consumable gas
cylinders.
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2.2

Introduction
A variety of methods have been used to generate the prescribed dissolved oxygen (DO)

concentrations necessary for fish hypoxia studies (Westfall, 1943; Fuss, 1986; Grecay and
Stierhoff, 2002). The most common method is sparging, a technique in which N2 gas is bubbled
into a body of water and its low partial pressure causes the higher partial pressure of O2 to
diffuse into the N2 bubbles (Gardner and Leetham, 1914). Once the N2 bubbles reach the surface
both gasses are released to the atmosphere, thus lowering dissolved oxygen concentration. This
method can be performed by bubbling N2 either into a head tank (Grecay and Stierhoff, 2002),
directly into the tank with fish (Aboagye and Allen, 2017), or into a gas-exchange column
(Dupont-Prinet et al., 2013). These nitrogen sparging systems typically require computer
software, constant monitoring, and a consistent supply of compressed nitrogen which may prove
too difficult (and too expensive) to manage under some situations. Another method is simply
allowing the natural oxygen consumption of the experimental fishes to decrease the dissolved
oxygen concentration in their surrounding water (Westfall, 1943). This method is clearly limited
by the lack of control of the resulting dissolved oxygen concentration, the rate of the decrease of
dissolved oxygen concentration, and the maintenance of the desired dissolved oxygen
concentration either over long periods of time or when fish are sampled and removed from the
system.
Achieving experimental hypoxic conditions in aquatic systems is challenging,
particularly for systems with well water as the water source, which may have supersaturated
gases. Water supersaturated with atmospheric gases can cause formation of gas bubbles in the
tissues and vasculature in fishes, known as gas bubble disease, which can result in reduced
swimming performance (Wang et al., 2018), external lesions (Smiley et al., 2011), changes in
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blood chemistry (Newcomb, 1974), and in severe cases, death (Weitkamp and Katz, 1980). Dry
air consists mainly of nitrogen (N2, 78.08%), oxygen (02, 20.95%), argon (Ar, 0.93%), and
carbon dioxide (CO2, 0.03%) with water vapor being present in atmospheric air. While total
dissolved gas (TDG) above 100% is considered supersaturated, only when the difference (ΔP)
between TDG (mmHg) and barometric pressure (mmHg) is above 0 can gas bubbles form (Colt,
1986). The ratio of dissolved nitrogen + argon to oxygen defines the level of risk of gas bubble
disease in water, with a higher ratio increasing the risk of adverse outcomes (Colt, 1986;
Nebeker et al., 1979).
In the laboratory, Colt et al. (1985) found that juvenile channel catfish (Ictalurus
punctatus) exposed to ΔP values of 76 or 117 mmHg for 35 days experienced gas bubble trauma,
but not those at a ΔP of 36 mmHg or below. Similarly, channel catfish in earthen ponds were
exposed to naturally supersaturated water from photosynthetic oxygen production up to an
average ΔP value of 111 mmHg, but no additional mortality was found (Boyd et al., 1994).
However, exposure to water with a ΔP > 76 mmHg can result in the formation of gas bubbles in
the vasculature and high mortality (up to 100%) within four days (Colt, 1986).
Well and spring water are often supersaturated with gases (Weitkamp and Katz, 1980); as
water is drawn downward into the aquifer, air is mixed into the water under pressure and
becomes supersaturated with nitrogen. An underground well supplies the water in the hatchery
and wet laboratories of the National Warmwater Aquaculture Research Center (NWAC,
Stoneville, Mississippi) and is supersaturated with nitrogen gas (N2). An aeration tower was
present that was designed to strip excess nitrogen and oxygenate the water, but was inefficient,
deteriorated, or both, leaving the water with high TDG and low DO. Water exiting the aeration
tower typically had a TDG of 109-111% saturation (835-860 mmHg) which resulted in a ΔP of
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75-95 mmHg and a dissolved oxygen concentration between 0.5-1.0 mg/L (6-13% saturation at
27.0 °C). The supersaturated water supplied to the NWAC hatchery, even after passing through
an aeration tower, demonstrates the need for testing both dissolved oxygen and TDG when it
comes from an underground well or spring. Due to the potential for fish gas bubble disease or
adverse physiological effects, the well water needed more efficient conditioning prior to use in
experiments.
Unlike most tank-based fish studies requiring water with high dissolved oxygen and low
TDG, this project needed both normoxic and hypoxic water to simulate the daily hypoxia cycles
of an earthen catfish aquaculture pond. The purpose of this study was to design a system to
provide water saturated with dissolved oxygen and water with low dissolved oxygen (20%
saturation), both with TDG low enough to maintain fish health. Given the already high
concentration of dissolved N2 in the water, sparging by adding additional N2 bubbles would not
work and may exacerbate the high TDG, a problem potentially common to many well water
applications. To achieve normoxic water with an average ΔP value of < 35 mmHg, designs for a
spray-bar type degassing system to prepare normoxic water and a vacuum-degasser for hypoxic
water were tested.
2.3
2.3.1

Materials and Methods
Water supply
Well-water entered the building via a 3-inch (762 mm) PVC pipe (A, Figure 2.1)

controlled by a gate valve. This water emptied into a 235-gallon (890-L) fiberglass head tank (B,
Figure 2.1) which increased the dissolved oxygen from 0.5-1.0 mg/L (6-13% saturation) to
approximately 2.0 mg/L (25% saturation). This tank and the head tank for the normoxic control
water (J, Figure 2.1) both contained a 2-inch (508 mm) PVC standpipe to prevent overflow.
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These head tanks were used to provide a slight reserve of water volume in case the well-water
supply had an intermittent reduction in flow rate. From the initial head tank, water was either
pumped to the second head tank (J, Figure 2.1) or into the vacuum degasser (D).
Water to be degassed for the hypoxic treatments was pumped (C, Figure 2.1) into the
vacuum degassing column (D, Figure 2.1) through 1-inch (2.54-cm) schedule 40 PVC pipe
joined with a 1-inch union at the top of the degasser (Figure 2.2). Treated water was pulled out
near the bottom of the column by a second pump (F, Figure 2.1) that delivered water to the
experimental tanks between 3-4 L/min. Water to be conditioned for periods of normoxia was
pumped from the original head tank into the second, normoxia head tank (J, Figure 2.1). Water
was pumped to the head tank by pushing it through a 1-inch (2.54-cm) PVC spray bar (I, Figure
2.1) that was positioned directly above the head tank. From the normoxic head tank, water was
pumped (3-4 L/min) into the experimental tanks with normoxic water.
Delivery of both normoxic and hypoxic water was achieved through 1-inch (2.54-cm)
schedule 40 PVC pipes (Figure 2.3). Above each tank was a reducer tee with a 0.5-inch (1.27cm) female threaded insert in which a 0.5-inch threaded ball valve with a 0.25-inch (0.64-cm)
hose barb was screwed. The ball valves for the hypoxic water had airline tubing connected to the
hose barb which delivered the water directly underwater in the tank to prevent accidental
aeration. The normoxic water was simply sprayed directly from the ball valve. Each
experimental tank was equipped with a valve for both the normoxic and hypoxic water so each
tank could be supplied with either type of water. Each experimental tank (58 cm × 58 cm × 58
cm) was fitted with a 30-cm tall standpipe, which left a constant volume of approximately 75 L
per tank. Water flow output of normoxic water could total 36 L/min and hypoxic water could
total 16 L/min with an average water flow of 3.8 L/min used per tank during the experiments.
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2.3.2

Design of degassing apparatuses
Water conditioned for use in normoxic tanks flowed through a spray bar, received

concentrated oxygen forced through an air stone, and received atmospheric air forced through
diffuser tubing. The spray bar was a 1-inch PVC pipe that traveled back and forth directly above
the top of the head tank. Numerous holes were drilled through the bottom of the pipe, through
which water was forcefully pumped, which created jets of high-pressure water. This spray bar
increased the ratio of the surface area of liquid to gas and encouraged diffusion of supersaturated
nitrogen into the atmosphere. Once in the head tank, water was oxygenated through a diffuser
tube (L, Figure 2.1) that was supplied with oxygen from an oxygen concentrator (AirSep,
Buffalo, New York). This water was further conditioned by application of atmospheric air
bubbled in through a diffuser tube (K, Figure 2.1), which may have further reduced nitrogen
supersaturation but also ensured that the dissolved oxygen did not exceed 100% saturation from
the submersed injection of oxygen. From the normoxic head tank, water was pumped by a 70-W
magnetic drive pump (NH-100PX-X, Pan World, Ibaraki-ken, Japan; K, Figure 2.1) into
experimental tanks. Flow rates of normoxic water was controlled by a relief valve constructed
from 1-inch PVC and a 1-inch PVC ball valve connected in-line with the pipe delivering water to
the tanks; opening this valve returned water back to the head tank and reduced the volume
delivered to the experimental tanks.
The main body of the vacuum degassing column is a 1-foot wide × 8-foot high (30-cm
wide × 244-cm high) tube constructed from a single piece of clear 12-inch (30 cm) schedule 40
PVC, 5-feet (152-cm) long (Figure 2.2). A clear pipe was essential to view the internal operation
of the column during its development; future designs could be done with solid PVC to reduce
overall cost, but the ability to see the current water level would still be advantageous. Both the
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top and bottom of the column had a 12 inch × 12 inch × 4 inch (30.5 cm × 30.5 cm × 10.2 cm)
white schedule 40 PVC reducing tee glued to each end. On the top of the column, the reducing
tee used reducer bushings to take the 4-inch (10.2-cm) outlet from 4-inch to a 0.5-inch (1.3-cm)
female threaded insert to accommodate a 0.25-inch (0.64-cm) ball valve (F, Figure 2.4) that was
screwed in place. This ball valve was connected to vacuum tubing (E, Figure 2.4) and ultimately
to the vacuum pump (D, Figure 2.4).
The top of the reducing tee on the top of the column (the 12-inch opening was not glued
to the main body of the column), was fitted with a 12-inch × 4-inch (30.5 cm × 10.2 cm)
schedule 40 PVC reducing bushing which acted as the lid of the column. A grinder was used on
the outer lip of the reducer bushing lid to remove a slight amount of material and aid insertion
into the column. The portion of the reducer that is inserted into the tee was covered in vacuum
grease to create an air-tight seal and slid into the tee on top of the column. The lid was not glued
in place so that it could slide out for future removal and formed an airtight seal when a vacuum
was pulled on the column. The opening on the top of the lid was reduced to 1-inch (2.54-cm)
and connected to the PVC pipe originating from the head tank pump with a 1-inch (2.54-cm)
union. Near the bottom of the head tank was a submerged variable frequency pump (Abyzz
A100, Venotec GmbH, Rastede, Germany; A, Figure 2.4) which delivered water to the column.
The bottom 12-inch × 12-inch × 4-inch reducing tee was fitted with a 12-inch (30.5-cm)
cap to prevent water loss and doubled as the base for the column. The 4-inch tee was reduced
and connected to a 1-inch (2.54-cm) flexible PVC tube that terminated in a union attached to an
Abyzz A200 variable frequency pump (5-200 W, Venotec GmbH; H, Figure 2.4). The pump
that pulled water from the degassing column and delivered it to the experimental tanks needed to
be larger than the inflow pump to provide adequate water flow downstream.
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Water flow provided to the column was controlled in part by an 8-inch (20.3-cm) ball
float (Figures 2.4 [G], 2.5) connected to a 33-inch (83.8-cm) length of 5/16-inch (7.94-mm)
threaded rod which was secured to the bottom of a plunger (Figures 2.3 [C], 2.6) removed from a
float valve. The plunger was secured within a 1.5-inch (3.81-cm) PVC housing that was attached
by a 1.5-inch PVC coupler reduced to a 1-inch PVC pipe that supplied water. This sleeve was
drilled with 0.25-inch (6.4-mm) holes around the top immediately beneath the inlet around the
pipe (Figure 2.7). The system was designed such that as the water level within the column rises,
the ball floats higher and pushes the plunger into the 1-inch (2.54-cm) water inlet, decreasing
water flow. The entire column was supported by 1-inch square aluminum tubing that was bolted
to the wall, bracketed approximately 25% of the clear PVC tube, and secured the remaining
circumference with a bungee cord (Figure 2.2).
2.4

Results
Total gas pressure in water entering the facility was measured at multiple sites at various

times per day with a portable TGP meter (PT4, Pentair Aquatic Ecosystems, Inc, Apopka,
Florida), revealing TGP that was typically 109-111% saturation (835-860 mmHg) with a
dissolved oxygen of 0.5-1.0 mg/L. These values produced a ΔP of 75-95 mmHg, which is above
the recommend range for acute exposure in indoor facilities. With the vacuum applied, the
outgoing water received in the fish tanks ranged from 100.1-100.3% saturation (758-765
mmHg), with a dissolved oxygen of 1.8 mg O2/L. These values produced a ΔP of 5-15 mmHg,
well within the acceptable range for chronic exposure. The normoxic water supply had a
dissolved oxygen 7.5-7.8 mg/L with TDG of 100-102% saturation (755-765 mmHg), producing
a ΔP of 0-10 mmHg, a range also within acceptable limits (ΔP < 35 mmHg).
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2.5

Discussion
Generating a consistent water supply within the desired range of TDG and dissolved

oxygen concentration is critical for creating experimental protocols for fish hypoxia studies. In
well-water supplied systems, supersaturation of gases can be problematic, requiring creative
solutions unique to each situation. In this study, a vacuum degasser was used to remove gases
from supersaturated inflowing water and provide desired hypoxic conditions for fish
experiments. The underlying principle behind the vacuum degasser described here involves
pulling a vacuum on the water inside the chamber which reduces barometric pressure, thus
increasing ΔP and increasing gas transfer from the water (Colt, 1986). A packed column can
perform the same function without a vacuum but requires greater height and would also
simultaneously oxygenate the water (Hackney and Colt, 1982), which is not always desirable,
such as the case here. The system described herein can provide 4.0 L/min of hypoxic water per
tank for four tanks or 4.0 L/min of normoxic water per tank for eight tanks (Figure 2.1).
Oxygen saturated water was delivered as needed, to the control tanks and experimental
tanks using a spray bar, concentrated oxygen forced through an airstone, and atmospheric air
vigorously bubbled into the head tank through diffuser tubing. In combination, these systems
produced water that was consistently saturated with oxygen yet was not supersaturated with
other gases. Quality of the control water source is critical for creating true control experimental
units that are not confounded by other factors, such as supersaturation of nitrogen or carbon
dioxide or dissolved oxygen beyond the desired range of the control.
Consistent, even water flow through the degassing column was critical for its successful
operation. If too much water is provided, the negative pressure created by the vacuum in the
head space of the column ultimately caused the water level to rise, backflow into the vacuum,
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and completely stop the system. Three features of this system are essential to provide the water
flow necessary for proper operation: the inflow pump, the outflow pump, and the water-level
valve. Without all three components working in concert, the system will fail almost
immediately.
The initial pump providing water to the column is a variable frequency pump (5-100 W)
which modulates its impeller frequency to meet the water flow demands of that moment.
Without this, slight variations in head pressure or friction within the pipe the water is traveling
through could lead to subtle changes in its output. At the other end of the column is a slightly
larger variable frequency pump (5-200 W) that is pulling water from inside and delivering to
tanks downstream. It is critical to operation of the degassing column that the outflow pump can
change pumping speed in response to the current head pressure of the column. If the head space
of the degassing column decreases slightly, the pressure at which the vacuum is pulling
increases. Thus, head pressure pushing into the outflow pump is constantly changing and
requires an equal change in the opposite direction by the outflow pump to maintain constant
water flow.
Flow is restricted at the top of the column by the custom-fabricated plunger-float valve
unit. Earlier iterations of the degassing column omitted this feature and were entirely inoperable.
Likewise, early designs used a smaller float ball which lacked adequate buoyancy to drive the
plunger against the oncoming water into the orifice to seal the hole. The 8-inch ball needs to be
connected by a sturdy rod to prevent deflection and ensure that it travels directly upward.
Similarly, the chamber in which the plunger is housed must also be sealed at the bottom with
only a hole for the rod to travel through to prevent the plunger from falling out of the housing if
the water level gets too low.
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The vacuum degassing system presented here provided reliable, consistent water quality
at 3.7 L/min of a prescribed dissolved oxygen for the 2-week duration of the experiments. By
using vacuum degassing for the hypoxic water and an oxygen concentrator for the normoxic
water, no gas cylinders were required to create the desired dissolved oxygen treatments. Any
endeavor into raising fishes or using them as experimental animals that uses underground well or
spring water as a water source should have the TDG and dissolved oxygen concentration
checked with a reliable TDG meter. Future design modifications could use electronic valves,
variable frequency vacuum pumps, and inserts within the column to increase the water retention
time and surface area available for degassing.
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Figure 2.1

Schematic of degassing and aeration system with two of eight experimental tanks
shown.

Labels indicate the following: (A) water inlet from well, (B) 235 gallon (890 L) head tank, (C)
pump pushing water into degassing column, (D) vacuum degassing column, (E) float regulating
flow, (F) pump pulling water from column, (G) hypoxic experimental tank, (H) pump pulling
water from head tank, (I) spray bars, (J) 235 gallon normoxic head tank, (K) diffuser grid
providing atmospheric air, (L) diffuser tube providing purified oxygen, (M) pump pulling water
from normoxic head tank, (N) normoxic experimental tank, and (O) ball valve that was used for
each water type for each tank. Diagram is not to scale.
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Figure 2.2

Photograph of completed vacuum degasser.

A red bungee cord is wrapped around the column and hooked on either end to a metal support
bar.
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Figure 2.3

Photograph of valves and a dissolved oxygen sensor for an experimental tank.

The top valve provides normoxic water while the bottom valve with the tubing provides hypoxic
water beneath the surface to prevent incidental aeration. A currently unused dissolved oxygen
sensor is positioned above an experimental tank.
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Figure 2.4

Detailed schematic of vacuum degassing column.

Labels indicate the following: (A) inlet from head tank, (B) flow valve, (C) valve-sealing piston,
(D) vacuum, (E) vacuum hose, (F) ball valve, (G) float ball, (H) outlet water. Diagram is not to
scale.
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Figure 2.5

Float ball connected to threaded rod which is connected to the plunger inside of the
PVC chamber.

As the water level raises, the ball floats up and plugs the incoming water.
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Figure 2.6

Plunger removed from a commercial float valve used to reduce water flow in the
column degasser.

In the degassing column, this plunger would be connected to a threaded rod and enclosed inside
the PVC chamber.

33

Figure 2.7

PVC chamber that houses the plunger (Figure 2.6).

The holes drilled at the top allowed small, high pressure streams of water to exit the chamber and
be degassed of supersaturated nitrogen. If the water level inside the column began to rise, the
float ball pushed the plunger into the 1-inch (2.54-cm) orifice of the incoming water, thus
decreasing the flow rate.
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CHAPTER III
QUANTITATIVE PCR ASSAYS TO MEASURE THE HPI AXIS NEUROPEPTIDES
CORTICOTROPIN-RELEASING FACTOR (CRF) AND UROTENSIN I
(UI) IN CHANNEL CATFISH (ICTALURUS PUNCTATUS)
3.1

Abstract

Central to the stress response of fishes is the upregulation of the hypothalamus-pituitaryinterrenal (HPI) axis. This pathway is initiated by an increase of corticotropin-releasing factor
(CRF) and urotensin I (UI) transcripts which translate into hormones stimulating the production
of cortisol in the anterior kidney. Quantifying changes in CRF and UI transcription may provide
molecular-level evidence of the initiation of the stress response. To determine changes in CRF
and UI transcription in the channel catfish (Ictalurus punctatus) hypothalamus, two duplex
quantitative PCR (qPCR) assays were developed, optimized, and tested for both CRF and UI as
targets. Performance of each respective qPCR was validated as a singleplex reaction and a
duplex using α-tubulin as a reference. There were no significant declines in qPCR efficiency
observed in the duplex format for either assay. These duplex qPCR assays are advantageous
over single-gene reactions by reducing the number of wells used on the PCR plate, reducing
reagent consumption, and minimizing sources of experimental error. Further, these assays have
potential to serve as valuable tools evaluating the stress response of channel catfish at the
molecular level.
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3.2

Introduction
Fish corticosteroid stress responses are controlled by the hypothalamus-pituitary-

interrenal (HPI) axis (Barton, 2002). As a stressor is perceived, the neuropeptides corticotropinreleasing factor/hormone (CRF or CRH) and urotensin I (UI) are produced in the hypothalamus
and stimulate the pituitary gland to upregulate production of adrenocorticotropic hormone
(ACTH). Adrenocorticotropic hormone stimulates interrenal tissue near the anterior kidney,
releasing into systemic circulation the corticosteroid cortisol in actinopterygian fishes or 1αhydroxycorticosterone in elasmobranchs (Barton, 2002). As concentrations of these hormones
increase, a negative feedback loop is initiated in the hypothalamus that decreases production of
cortisol and ultimately ends the stress response. The HPI axis is referred to as the primary stress
response, which stimulates a number of physiological mechanisms functioning to reduce or
eliminate the effects of the stressor collectively known as the secondary stress response. If the
duration of the stressor persists long enough, these steps result in a tertiary stress-response,
which is maladaptive and characterized by a decrease in whole-animal performance, such as
swimming ability, reproduction, immune function, growth, and in some cases, death (Barton,
2002).
Changes in gene expression of CRF and UI are useful indicators of environmental stress
in rainbow trout (Oncorhynchus mykiss) and goldfish (Carassius auratus). Further, these
markers have been implicated as factors involved in appetite suppression. Increased expression
of CRF and UI has been reported for rainbow trout subjected to low environmental dissolved
oxygen (DO, Bernier and Craig, 2005), goldfish in water with high ammonia concentration
(Bernier and Peter, 2001), and rainbow trout transferred from fresh to saltwater (Craig et al.,
2005). Laboratory experiments have revealed the upregulation of these transcripts is
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accompanied by decreased appetite in these fish. However, this stress-induced anorexia can be
impeded by the administration of a CRF antagonist (α-hCRF) (Bernier and Craig, 2005). The
anorectic effects of CRF have also been identified in yellow perch (Perca flavescens, Haukenes
and Barton, 2004) and other salmonids besides rainbow trout (Pickering et al., 1982; McCormick
et al., 1998; Doyon et al., 2005). As such, it is plausible this function would be conserved across
other fish groups.
By volume and value, channel catfish (Ictalurus punctatus) are the most important fish
grown in commercial aquaculture in the United States (USDA, 2019). Earthen ponds are the
most common production system utilized to produce channel catfish, but can be a highly volatile
environment, with diel changes in many water quality variables, most notably dissolved oxygen
(Boyd et al., 2018). Supplemental mechanical aeration is provided to prevent death from anoxia,
but inadequate aeration (i.e., when dissolved oxygen decreases < 3.0 mg/L) can have sublethal
consequences, resulting in appetite suppression (Torrans, 2005; 2008). This reduced appetite
leads to decreased growth rates and ultimately lower production (Torrans, 2005; 2008). As
catfish aquaculture continues to advance, it is critical to optimize all facets of production.
Central to this production optimization is the mitigation of the effects of environmental hypoxia
and improved conditions for feeding and growth. Understanding the underlying mechanisms
governing the anorectic response to hypoxia would be useful when developing and testing novel
production management strategies and systems.
Measuring changes in CRF and UI gene expression will facilitate rapid assessment of the
genes responsible for initiating the HPI axis, providing biomarkers that can be exploited to
identify channel catfish stressors. The purpose of this study was to develop duplex quantitative
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polymerase chain reaction (qPCR) assays to measure gene expression of CRF and UI in the
channel catfish hypothalamus.
3.3
3.3.1

Materials and Methods
Tissue collection and preparation
Yearling channel catfish ranging from 50-200 g were housed in (58 cm × 58 cm × 58 cm)

fiberglass tanks fitted with a 30-cm tall standpipe, retaining a constant volume of approximately
75 L per tank. Fish were netted individually and euthanized by immersion in buffered (alkalinity
> 200 mg/L as CaCO3) MS-222 (Western Chemical, Inc., Ferndale, Washington). Prior to
dissection, all tools and surfaces were rinsed with RNAse AWAY (Molecular BioProducts, San
Diego, California). Once fish lost equilibrium they were weighed and decapitated with an
electric fillet knife (Rapala VMC Corp., Helsinki, Finland). A second dorsoventral cut was made
directly behind the orbitals that went approximately halfway through the skull. Finally, a third
cut perpendicular to, and between, the first two cuts facilitated removal of the top portion of the
skull, exposing the brain. The brain was gently lifted from the skull using forceps and tilted
upwards to expose the hypothalamus. The hypothalamus was grasped and removed using curved
forceps and immediately placed into a 2.0 mL screw-top freezer tube containing 500 µL of Tri
Reagent (Molecular Research Center, Inc., Cincinnati, Ohio). The tube was flash-frozen in
liquid nitrogen and stored at -80 °C until later use. All experimental protocols were approved in
compliance with the Warmwater Aquaculture Research Unit Institutional Animal Care and Use
Committee (IACUC FY17-005).

40

3.3.2

RNA extraction, quantification, reverse transcription, and quality
Small batches (4-8 tubes) of hypothalamus samples were thawed at 4 °C. Once thawed, a

pre-cooled 4mm stainless steel ball (VWR International, Radnor, Pennsylvania) was placed into
each tube and tissues homogenized with an automated tissue homogenizer (TissueLyser, Retsch,
Inc., Newtown, Pennsylvania) for 90 seconds at 15 Hz followed by 5 minutes of centrifugation at
12,000 × g. Once complete, 400 µL of supernatant was transferred to a new RNAse- and
DNAse-free 1.5-mL tube (PCR clean, Eppendorf North America, Enfield, Connecticut)
containing 400 µL of ethanol and mixed thoroughly. This mixture was loaded into a spin
column (Zymo Research Corp., Irvine, California) and RNA was extracted using the prescribed
protocol for the Direct-Zol Miniprep (Zymo Research Corp.). Deviations from the standard
protocol included performing the optional in-column DNAse digestion procedure and adding a
second, identical centrifugation following addition of the RNA wash buffer to remove any
residual buffer. Complete removal of the wash buffer is critical as it contains ethanol and could
inhibit subsequent reverse transcription and qPCR reactions (Rossen et al., 1992). Extractions
were performed both with the larger Zymo-Spin IIICG spin columns (recommended eluent ≥ 35
µL, 100 µg total RNA capacity, Zymo Research Corp.) as well as the smaller Zymo-Spin IIC
spin column (recommended eluent ≥ 25 µL, 50 µg total RNA capacity, Zymo Research Corp.) to
examine changes in extraction performance dictated by spin column size. To determine optimal
eluent volume, RNA was eluted in a range (40-70 µL) of nuclease-free water for both sized
columns. After elution, tubes were immediately placed in an ice-cold cooling block.
For each sample, RNA concentrations were determined from 5 µL aliquots on a Qubit 3
fluorometer and the Qubit RNA BR assay kit (Thermo Fisher Scientific, Waltham,
Massachusetts). All samples were adjusted to a common concentration of 60 ng/µL with
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nuclease-free water. Reverse transcription of extracted RNA was performed in 20 µL reactions
consisting of 4 µL of iScript Reverse Transcription Supermix (Bio-Rad, Hercules, California)
and 16 µL of eluted RNA. Cycling conditions consisted of an initial priming step for 5 minutes
at 25 °C, reverse transcription for 20 minutes at 46 °C with a final incubation at 95 °C for 1
minute to halt transcription. Transcribed cDNA was stored at 4°C until further processing.
Quality of extracted RNA was estimated by calculating the RNA Integrity Number (RIN,
ratio of 28S to 18S ribosomal RNA) from a 1 µL aliquot RNA extracted from channel catfish
samples (n = 80) using the Agilent RNA 6000 Nano kit (Agilent Technologies, Santa Clara,
California, USA). RIN analyses were performed using the Agilent 2100 Bioanalyzer (Agilent
Technologies).
3.3.3

Design of primer sets and probes and generation of PCR standards
Primers and probes targeting CRF, UI, and the reference gene α-tubulin (TUBA) were

designed based on sequences deposited in the National Center for Biotechnology Information’s
Genbank database. Candidate oligonucleotides were identified using the Primer3 utility (Rozen
and Skaletsky 2000) in Geneious R11 (Biomatters Ltd, Auckland, New Zealand) and synthesized
commercially (Eurofins Genomics, LLC; Louisville, Kentucky). The reference gene TUBA was
selected for its stability in channel catfish under a wide variety of stressors (Small et al. 2008).
Probes for CRF and UI were labeled on the 5’ end with 6-carboxyfluorescein (6-Fam) and
hexachlorofluorescein (HEX), respectively, and quenched on the 3’ end with Black Hole
Quencher 1 (BHQ1). The TUBA probe was labeled 5’ with Texas Red (TxRed) and quenched
with Black Hole Quencher 2 (BHQ2). Oligonucleotides were synthesized and lyophilized
commercially, resuspended in TE buffer (Thermo Fisher Scientific), and stored at -20 °C.
Primer and probe sequences are provided in Table 3.1.
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Purified PCR products were generated for each gene target to create standards that could
be used for assay validation. Briefly, cDNA transcribed from RNA extracted from channel
catfish hypothalamus were amplified by end-point PCR. The 50-µL PCR consisted of 25-µL of
DreamTaq Green PCR Mastermix (ThermoFisher), 0.8 µM of both forward and reverse primers,
300 ng of cDNA and nuclease-free H2O to volume. Reactions were performed on a C1000
Touch thermal cycler (BioRad). Cycling conditions consisted of an initial denaturation at 95 °C
for 3 minutes, followed by 35 cycles of 95 °C for 10 seconds, 55 °C for 10 seconds, 72 °C for 15
seconds, with a final 5-minute extension at 72 °C. Amplicons were passed by electrophoresis
through 2.0% agarose gels in the presence of ethidium bromide (1 µL/mL) and viewed under UV
light for the presence of appropriately sized bands (CRF: 113 bp; UI: 93 bp; TUBA: 95 bp).
Excised amplicons were purified (QIAquick PCR purification kit, Qiagen Inc., Valencia,
California), suspended in TE, and quantified spectrophotometrically (Nanodrop™ 2000, Thermo
Fisher Scientific).
3.3.4

Testing optimal primer concentrations and annealing/extension temperatures
For each target, optimal forward and reverse primer concentrations, as well as optimal

annealing/extension temperatures were determined in both simplex (UI, CRF and TUBA alone)
and duplex reactions. Reactions were performed using SsoAdvanced Universal Probes Supermix
(Bio-Rad) in a Hardshell 96-well low-profile skirted PCR plates (Bio-Rad) sealed with adhesive
Microseal ‘B’ PCR Plate Sealing Film (Bio-Rad). For primer evaluation, primer concentrations
ranged from 0.25 µM to 1.0 µM in 0.25 µM increments, with all possible combinations in
between and nuclease-free water added to volume. The 20-µL reactions consisted of 10 µL of
PCR supermix, primers at varying concentrations, 0.1 µM probe, 100 copies of target DNA and
nuclease-free water to volume. The qPCR assay was performed on a CFX96 system (Bio-Rad)
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programed for an initial denaturation cycle of 15 minutes at 95 °C, followed by 45
annealing/extension cycles of 10 seconds at 95 °C and 60 seconds at 60 °C. Data collection
occurred at the end of each cycle. The user-defined fluorescence threshold was set at 40 relative
fluorescent units (RFUs). Reactions for each primer combination were run in triplicate and
primer concentrations yielding the most consistent quantification cycles (Cq) between triplicate
reactions were deemed appropriate and used to assess ideal annealing/extension temperatures.
The optimal annealing/extension temperature was determined using the above conditions, with
exception of the annealing/extension step, which ranged from 55 °C to 65 °C. Again, the
anneal/extension temperature yielding the most consistent Cqs among triplicate reactions were
chosen for future analyses.
3.3.5

Quantitative PCR specificity, sensitivity, repeatability, interference, and
reproducibility
Sensitivity and linear dynamic range of each qPCR assay (UI/TUBA; CRF/TUBA) was

assessed by testing each reaction in the presence and absence of non-target DNA. For both CRF
and UI, 5-fold dilution series ranging from 1 × 102 to 1 × 106 copies were analyzed alone or in
the presence of 1 × 105 copies of TUBA to assess potential interference from the reference gene
reaction. Similarly, 6-fold dilutions of the TUBA amplicon, ranging from 1 × 102 to 1 × 107
copies were analyzed alone or in the presence of 1 × 105 copies of CRF or UI, respectively, to
determine potential interference of each target gene reaction when quantifying the reference
gene. For each target, Cq was based on a user-defined threshold of 40 RFUs. For each gene, the
PCR reaction efficiency was calculated (PCR efficiency = 10 -1/slope – 1) from the log-linear
portion of the curve, targeting a range of 90-110% (Bustin et al., 2009; Taylor et al. 2010).
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3.4
3.4.1

Results and Discussion
RNA extraction and quality
Initial RNA extractions following the manufacturer’s suggested protocol and the larger

Zymo-Spin IIICG averaged 43.5 ± 2.9 ng/µL RNA (mean ± SEM) and 2000 ± 239 ng total RNA
per extraction (eluents ranging from 40-60 µl). The addition of a second centrifugation step to
remove residual wash buffer and using the smaller Zymo-SpinIIC columns (eluents ranging from
40-70 µl), subsequent extractions averaged 107.6 ± 7.8 ng/µL RNA per hypothalamus (Figure
3.1), which corresponded to 6050 ± 404 ng total RNA (Figure 3.2). Changing from the larger
Zymo-Spin IIICG to the smaller Zymo-Spin IIC columns resulted in an immediate increase in
the concentration and total amount of RNA extracted. When the eluent volume was increased in
the larger spin columns, eluted RNA concentration remained largely constant, suggesting some
RNA remains bound to the spin columns when using small volumes of eluent. In contrast, when
using a smaller spin column, increasing eluent volume increased the total RNA yield, but
decreased concentration, indicating elution efficiency is increased in the smaller columns at
smaller volumes. It is likely that using increased volumes of eluent in the larger columns would
generate total RNA yields consistent with the smaller, more efficient columns, but at the expense
of a more dilute eluate.
RIN averaged 9.0 ± 0.0 across all samples measured. RIN is measured on a scale of 1 to
10, with a score of 1 indicating that the RNA sample is severely degraded and 10 being
considered intact RNA (Schroeder et al. 2006). A score of 7.8 is considered a reliable threshold
for achieving reliable downstream results with the extracted RNA (Copois et al., 2007). An
average RIN of 9.0 indicates this extraction protocol for hypothalamic tissue was effective for
50-200 g channel catfish, but cannot necessarily be extrapolated to other tissues, as they may
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require a different type or duration of homogenization or perhaps even different equipment.
Additionally, when using hypothalamus removed from larger (> 200 g) channel catfish, it is
possible the procedure would require sectioning of the tissue or utilizing larger tubes, spin
columns or volumes of eluent.
3.4.2

Primer and annealing/extension temperature selection
The primer combinations tested here (different combinations of 0.25-1.0 µM) were fairly

resilient to changing concentrations; average Cqs of CRF ranged from 33.3 – 35.5, UI ranged
from 32.3 – 35.2, and TUBA ranged from 26.5 – 29.6 (Table 3.2). Additionally, the error
associated with each primer volume for each gene was very low (SEM < 0.80 for all samples).
In general, equally matched forward and reverse primer concentrations ≥ 0.50 µM for CRF and
UI and ≥ 0.75 µM for TUBA fared better. In singleplex reactions, primer concentrations of 0.6
µM were deemed optimal for CRF and UI, while the TUBA assay performed best with primer
concentrations of 1.0 µM. While these primer concentrations were verified for a single target
reaction, once a second, simultaneous reaction (the TUBA reference gene) was introduced, they
were no longer sufficient. The final duplex reaction required a ratio of 2:1 target : reference gene
primers, with equal amounts of forward and reverse primers for each target, respectively.
Temperature also caused minimal inference with the performance of the assays (Figure
3.3). The greatest negative impact of increasing temperature occurred with TUBA, yet the
average Cq only increased from 28.8 at 55 °C to 29.3 at 65 °C. Therefore, given that a broad
range of temperatures were found to provide acceptable performance, the median (60 °C)
temperature was selected. The temperature gradient results, combined with the primer
concentration results, indicate the primer sets provide robust and consistent amplification. The
final, optimized 20-µL duplex reaction for UCF and CRF consisted of 10 µl PCR supermix, 0.75
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µM of each target primer, 1.0 µM of the reference primer, 0.1 µM of each probe, 2 µL of DNA
template and nuclease-free water to volume. Ideal cycling parameters consisted of an initial
denaturation cycle of 15 minutes at 95 °C, followed by 45 cycles of 10 seconds of denaturation
at 95 °C and 60 seconds of annealing/extension and a plate read at 60 °C.
3.4.3

Duplex qPCR performance
Verification of the duplex qPCR assays demonstrated each target (CRF and UI) and

reference (TUBA) gene were efficiently amplified without interference from potentially
competing reactions in the same well. Amplification and detection of the target genes CRF and
UI were linear over 5 orders of magnitude (Figures 3.4 and 3.5, respectively). Amplification and
detection of the reference gene TUBA was linear over 6 orders of magnitude (Figure 3.6). The
smallest concentration that was successfully detected for each gene was 100 copies, with
inconsistent amplification at lower quantities.
The PCR efficiency of CRF was 91.9% when analyzing CRF alone and 92.6% in the
presence of 10,000 copies TUBA (Figure 3.4). Similarly, PCR efficiency for the UI qPCR was
93.4% when analyzing the UI target alone, and when reactions were spiked with 10,000 copies
of TUBA (Figure 3.5). Results indicate the target PCR reactions can occur simultaneously with
the reference PCR without interference. Conversely, the PCR efficiency of the TUBA reaction
was calculated in isolation (97.1%), in the presence of 10,000 copies of CRF (107.0%), and in
the presence of 10,000 copies of UI (102.5%), all of which fell within the range of efficiencies
deemed acceptable for qPCR experiments (Figure 3.6; Taylor et al. 2010).
When measuring relative gene expression between treatments, quantitative PCR assays
require a stable reference gene. The delta delta Cq (2-ΔΔCq) method has long been the standard for
qPCR assessments of relative gene expression (Bustin et al., 2009). Expanded, this equation is:
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Gene expression =
2−[treated Cq (target gene)−treated Cq (reference gene)]−[control Cq (target gene)−control Cq (reference gene)]

3.1

Utilizing this formula for determining gene expression highlights the importance of accurately
measuring changes in expression of the reference gene as well as the target gene. The ability to
have the PCR for both the target and reference gene occur simultaneously in the same well gives
the investigator the power to eliminate a potential source bias.
Attempts were made to develop a triplex qPCR reaction in which CRF and UI could be
quantified simultaneously while using TUBA as the reference gene. Unfortunately, the various
assays designed were not robust enough to handle all three reactions simultaneously while
maintaining acceptable levels of PCR efficiency (data not shown). Future attempts could include
changing the supermix to another model or brand that may better handle multiplex reactions
(Standish et al. 2018), using different primer sets or reaction volumes (Olsen et al., 2012),
adjusting quantities of various PCR constituents (Kamau et al., 2013), or perhaps even using a
different reference gene.
The CRF/TUBA and UI/TUBA duplex qPCR reactions designed here allow for a target
gene and stable reference gene to be quantified simultaneously in the same well. This duplex
reaction offers three advantages over two individual reactions in separate wells: cost per reaction
decreases, total time decreases, and the potential for human errors decreased as the number of
steps decrease. This reaction contains less than double the amount of supermix required to create
two individual reactions of separate target and reference genes, thus reducing the volume of
reagents needed, significantly reducing labor and costs. Additionally, combining these two
reactions effectively doubles the number of wells available on a plate and halves their cost as
well. A duplex reaction also reduces the amount of prep time required labeling tubes, thawing
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reagents and samples, mixing reagents and samples, and loading and running plates. One person
can effectively perform twice as many reactions over a set period of time and it is advantageous
when a large number of samples must be quantified. Finally, and perhaps most important,
variation among samples and plates are minimized when the reactions can be combined into
fewer reactions. In a traditional qPCR reaction, the target and reference genes are assayed in
different wells which requires twice as many pipetting steps and the creation of two separate
reagent mixtures (Olsen et al., 2012; Taylor et al. 2019). Slight variations in pipetting volume
between the target and reference gene reactions could increase the error or variation, potentially
leading to a misinterpretation of the results.
3.4.4

Conclusions
The RNA extraction protocol and qPCR assays developed here offer an effective and

relatively rapid way to assess whether gene expression of CRF and UI in channel catfish have
been upregulated in the hypothalamus. These genes serve as the starting point of the HPI axis
pathway and initiate a cascade of physiological responses, culminating in the production of
cortisol and the initiation of various stress responses. As stocking densities in commercial
catfish aquaculture increase, the increased input of feed and resultant need for increased aeration
amplifies the natural diel changes in water quality and may cause poor fish performance. Future
studies could utilize these assays to detect early disruptions in the homeostasis of channel catfish
in response to a myriad of potential stressors.
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Table 3.1

Quantitative polymerase chain reaction primers and probes used to determine gene
expression of corticotropin-releasing factor and urotensin I.

Primer/Probe
Forward
Reverse
Probe

Sequence (5’-3’)
TATATCATTTGCGCAAACAAGAATCC
CTGCTCGGCACTCGTTCATG
6Fam-TCGTCACGACCGCCGCAGCT-BHQ1

GC
(%)
34.6
60.0
70.0

Tm (°C)
59.9
64.5
68.6

UI

Forward
Reverse
Probe

CATCTGCTGCGCAATATGATTGA
CTTCCCGACTTCGTCCAGATATT
HEX-AGGGAACAGGCAGAACTGAACCGCA-BHQ1

43.5
47.8
56.0

61.0
62.8
67.9

TUBA

Forward
Reverse
Probe

AGCCATACAATTCCATCCTGACC
GCGGCAGATGTCGTAGATGG
TxRed-CCACACCACACTTGAGCACTCCGAC-BHQ2

47.8
60.0
60.0

62.8
64.5
69.5

CRF

Quantitative polymerase chain reaction (qPCR) primers and probes used to determine gene
expression of corticotropin-releasing factor (CRF) and urotensin I (UI). α-Tubulin (TUBA) was
used as a reference gene. Primers and probe, sequence, percentage of guanine and cytosine
(GC), and melting temperature (Tm) are presented for each target and reference gene.
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Table 3.2

Matrix of primer concentrations used to determine the optimum concentration for
testing of the qPCR assays.

Concentration of the forward and reverse (F / R) primers and their resulting quantification cycle
(Cq). The final selected concentration for a single-target assay is in bold. Data are presented as
mean ± SEM
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Figure 3.1

Effect of eluent volume on RNA concentration extracted from channel catfish
hypothalamus.

Both a smaller (A) and larger (B) spin column were tested, the larger of which requires 40%
more eluent than the smaller column. There was a 2.5-fold increase in RNA concentration when
using the smaller column.
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Figure 3.2

Effect of eluent volume on total RNA extracted from channel catfish
hypothalamus.

Both a smaller (A) and larger (B) spin column were tested, the larger of which requires 40%
more eluent than the smaller column. There was a 3.0-fold increase in total RNA extracted when
using the smaller column and a general increase of RNA with a greater volume of eluent.
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Figure 3.3

Effect of temperature on qPCR performance of single gene assays of corticotropinreleasing factor (CRF), urotensin I (UI), and α-tubulin (TUBA).

Annealing/extension temperature had little effect on the quantification cycle (Cq) over 10 °C and
the median temperature (60 °C) was selected for the final assay.
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Figure 3.4

Performance of the qPCR assay for the target corticotropin-releasing factor (CRF)
in a singleplex reaction and duplex reaction that includes the reference gene (αtubulin, TUBA).

Quantification cycles (Cq) of CRF in a singleplex reaction and duplex reaction (with TUBA) as
well as the Cq of TUBA in the duplex reaction. Concentration of TUBA was held the same (1 ×
105 copies) in each assay while the concentration of CRF increased over five orders of
magnitude. The single and duplex CRF assays had similar performance at each concentration,
indicating negligible interference between the target and reference gene assays.
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Figure 3.5

Performance of the qPCR assay for the target urotensin I (UI) in a singleplex
reaction and duplex reaction that includes the reference gene (α-tubulin, TUBA).

Quantification cycles (Cq) of UI in a singleplex reaction and duplex reaction (with TUBA) as
well as the Cq of TUBA in the duplex reaction. Concentration of TUBA was held the same (1 ×
105 copies) in each assay while the concentration of UI increased over five orders of magnitude.
The single and duplex UI assays had similar performance at each concentration, indicating
negligible interference between the target and reference gene assays.
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Figure 3.6

Performance of the qPCR assay for α-tubulin (TUBA) in a singleplex reaction and
in a duplex reaction with corticotropin releasing-factor (CRF) and urotensin I (UI).

Quantification cycles (Cq) of TUBA in a singleplex reaction and duplex reactions (with CRF and
UI). Performance of the qPCR assay for TUBA in a singleplex format, in a duplex format with 1
× 105 copies CRF target DNA, and a duplex format with 1 × 105 copies UI target DNA. All
three reactions yielded similar performance over six orders of magnitude of TUBA target DNA.
Quantification of CRF and UI was unaffected by the presence of the TUBA.
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CHAPTER IV
EFFECT OF HYPOXIA DURATION AND PATTERN ON CHANNEL CATFISH
(ICTALURUS PUNCTATUS) NEUROPEPTIDE GENE EXPRESSION
AND HEMATOLOGY
4.1

Abstract
Commercial aquaculture production of channel catfish (Ictalurus punctatus) occurs in

shallow ponds with daily cycling in dissolved oxygen concentration ranging from
supersaturation to severe hypoxia. Once daily minimum dissolved oxygen concentration falls
below approximately 3.0 mg O2/L, channel catfish have reduced appetite leading to reduced
growth rates. Upregulation of the neuropeptides corticotropin-releasing factor (CRF) and
urotensin I (UI) have been implicated in other fish species as initiating the mechanism
responsible for decreasing appetite once an environmental stressor such as hypoxia is detected.
Channel catfish maintained in 27 °C water were subjected to varying durations and patterns of
hypoxia (1.75 ± 0.07 mg O2/L, 21.9 ± 0.9 % saturation) to evaluate the underlying physiological
responses to hypoxia and determine if hypothalamic CRF and UI are responsible for hypoxiadriven anorexia in channel catfish. During short exposure to hypoxia (12 hours), venous PO2
was significantly lower within 6 hours and coupled with an increase of hematocrit and decrease
of blood osmolality. These adaptive responses are reversible within 12 hours after returning to
normoxia but are not associated with a change in transcription of the genes for CRF and UI. If
this pattern of hypoxia and normoxia is repeated cyclically for 5 days, the physiological
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responses repeat continually. Extended periods of hypoxia up to 5 days in duration have a
similar magnitude of hematological response, but do not recover to basal values for the duration
of the hypoxic challenge. Likewise, no significant change in gene expression of CRF and UI
was detected during chronic hypoxia. This study did not find a significant change in
hypothalamic transcription of CRF and UI but did identify multiple physiological adaptive
responses that work together to reduce the severity of periods of hypoxia.
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4.2

Introduction
The low solubility of oxygen is a feature of the aquatic environment that has forced fishes

to evolve novel mechanisms to enable efficient oxygen extraction. Fishes may encounter a range
of dissolved oxygen concentrations ranging from anoxia to supersaturation, but hypoxia poses a
unique challenge to their fitness. Once environmental dissolved oxygen concentration reaches
the critical oxygen tension (Pcrit), the dissolved oxygen concentration where metabolism begins
to shift from aerobic to anaerobic, basic cellular function is compromised (Richards, 2009;
Claireaux and Chabot, 2016). A shift to anaerobic metabolism largely restricts ATP production
to the process of glycolysis, a reduction in efficiency up to 30-fold compared to aerobic
metabolism (Richards, 2009). With sufficient duration and severity, episodes of hypoxia can
lead to reduced food intake, growth, and ultimately death. However, several morphological,
behavioral, and physiological mechanisms have evolved in hypoxia-adapted fishes which
decrease their Pcrit and lessen the threat hypoxia poses.
Gill lamellae are the most common site of both fixed and reversible hypoxia-specific
morphological adaptions. Populations of Neumayer’s barb (Enteromius neumayeri) found in
hypoxic habitats have evolved a longer total gill filament length than their normoxic conspecifics
(Schaack and Chapman, 2003). Crucian carp (Carassius carassius) can rapidly protrude and
retract lamellae depending on environmental dissolved oxygen concentration (Sollid et al., 2003)
while scaleless carp (Gymnocypris przewalskii) and striped catfish (Pangasianodon
hypothalamus) restructure their gill filaments to reduce the water-blood diffusion distance during
periods of hypoxia (Matey et al., 2008; Phuong et al., 2017). An underappreciated component of
hypoxia mitigation is that of behavior modification. Fishes can seek areas of higher dissolved
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oxygen concentration (Magnuson et al., 1985), utilize aquatic surface respiration (Timmerman
and Chapman, 2004), or decrease activity (Nilsson et al., 1993; Herbert and Steffensen, 2005).
There are numerous physiological adaptions and responses that effectively lessen the
severity of periods of hypoxia. Typically, the first response to hypoxia is an increase in volume
or frequency of ventilation, which is a common response among fishes enabling more water (and
therefore more oxygen) to flow over the gills (Steffensen et al., 1982; Glass et al., 1986; Sundin
et al., 2000). Hematological adaptions to hypoxia all generally improve the oxygen carrying
capacity of the blood. Under periods of both acute and chronic hypoxia, American paddlefish
(Polyodon spathula, Aboagye and Allen, 2018) and rainbow trout (Oncorhynchus mykiss, Lai et
al., 2006) have increased red blood cell counts and hemoglobin (Hb) concentration, providing
more sites for oxygen binding. Hypoxia can generate a decrease in erythrocytic concentration of
ATP and GTP (guanosine triphosphate), resulting in an increase in Hb-O2 binding affinity and
ultimately lowering the P50 of an individual, the environmental partial pressure of oxygen (PO2)
at which half of the hemoglobin is bound to oxygen (Val, 2000). Finally, a decrease in heart
rate, termed hypoxic bradycardia, is one of the more common cardiac responses to hypoxia.
Often coupled with a concurrent increase in cardiac stroke volume, hypoxia-induced bradycardia
is believed to improve the oxygen supply to the heart while the increased stroke volume
maintains cardiac output (Farrell, 2007).
One possible consequence of hypoxia in fishes is a subsequent reduction in appetite.
Atlantic salmon (Salmo salar) subjected to intermittent hypoxia ate 25% less feed than their
normoxic counterparts (Burt et al., 2014). Likewise, common carp (Cyprinus carpio) maintained
under chronic hypoxia decreased feed consumption by 79% compared to carp in normoxic
controls (Bernier et al., 2012). Turbot (Scophthalmus maximus) and European sea bass
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(Dicentrarchus labrax) held constantly at low dissolved oxygen ate 33-44% less than fish
maintained in normoxia (Pichavant et al., 2001). Striped catfish maintained at 92% dissolved
oxygen saturation grew almost 2-fold larger than those held at 35% saturation (Phuong et al.,
2017). Digestion can be a highly aerobic activity and during periods of hypoxia it may be
advantageous to reduce the amount of food consumed and thus the oxygen required to consume,
process, and utilize it (Jordan and Steffensen, 2007).
Hypoxia-induced reduction in appetite appears to relate to the stress-induced release of
the neuropeptides corticotropin-releasing factor (CRF) and urotensin I (UI) in rainbow trout
(Bernier and Craig, 2005). Corticotropin-releasing factor is central to the hypothalamicpituitary-interrenal (HPI) axis and acts on the pituitary gland to produce adrenocorticotropic
hormone (ACTH), which in turn stimulates the production of the stress hormone cortisol and
ultimately decreases appetite (Bernier, 2006). These neuropeptides mediate the stress response
and appear to be central to the regulation of appetite during hypoxia; in hypoxic rainbow trout
CRF and UI transcripts are upregulated, leading to a 48% reduction in feed consumption
(Bernier and Craig, 2005).
The effect of dissolved oxygen concentration on appetite regulation has management
implications for species used in aquaculture. The channel catfish (Ictalurus punctatus) has been
very successful in commercial aquaculture (USDA, 2014) due in part to its ability to tolerate
pond environments that have daily swings in dissolved oxygen concentration. Dissolved oxygen
concentrations in earthen commercial channel catfish ponds can range from supersaturation to
lethal anoxic levels due imbalances in oxygen production from photosynthesis and oxygen use in
respiration by phytoplankton, cyanobacteria, and sediment biota (Boyd et al., 1994; Cole and
Boyd, 1986). Data describing the physiological responses to hypoxia of channel catfish are
64

varied; there may be an increase in hematocrit (Scott and Rogers, 1981), branchial ventilation
rate (Gerald and Cech, 1970; Burggren and Cameron, 1980; Burleson and Smatresk, 1990),
hemoglobin concentration, and lactic acid concentration (Scott and Rogers, 1981). At the same
time, there is a concurrent decrease in metabolism (Burggren and Cameron, 1980) and readily
available energy stores such as glucose (Scott and Rogers, 1981). In contrast to the accepted
morphological response of lamellae during hypoxia, Scott and Rogers (1980) found an increase
in diffusion distance across the gill epithelium during bouts of hypoxia. Cortisol concentration
increases rapidly with the onset of acute hypoxia and generally increases with time during
chronic exposure to low dissolved oxygen (Tomasso et al., 1981). Channel catfish are not
immune to the anorectic effects of hypoxia, as several studies (Buentello et al., 2000; Torrans,
2005; Torrans, 2008) have demonstrated that low dissolved oxygen concentration (< 3.0 to 3.5
mg/L) reduces channel catfish appetite. Developing a greater understanding of the physiological
mechanisms that respond to and moderate the effects of hypoxia in channel catfish may prove
useful when trying to identify mechanisms responsible for hypoxia-induced anorexia.
This study will examine the interplay between the hematological, blood-gas, and stress
responses to hypoxia in channel catfish. Responses to acute (12 hours), chronic (120 hours) and
cyclical (12 hours normoxia/12 hours hypoxia, mimicking typical diel fluctuations of dissolved
oxygen in earthen catfish ponds) hypoxia will be compared. Gene expression of CRF and UI, as
well as plasma cortisol concentration, will be measured to determine if hypoxia stimulates the
HPI axis. These experiments will provide insight into physiological responses to hypoxia that
may impact appetite regulation in channel catfish with application to a commercial aquaculture
setting.
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4.3
4.3.1

Materials and Methods
Fish and water source
Channel catfish from the Delta Select strain, a strain of channel catfish selected for fast

growth that was recently adopted for production by the commercial catfish industry (Bosworth et
al., 2020), were spawned at the National Warmwater Aquaculture Center in Stoneville,
Mississippi in May – July 2016. Catfish from unrelated spawns were pooled as fry and
maintained in two 790-L holding tanks at 24.5 °C with 90% oxygen saturation and fed to excess
a 28% protein catfish diet (Delta Western, Indianola, MS) daily until they were transferred to
experimental tanks in September 2017. Fish were acclimated for 1-week prior to initiation of
hypoxia studies. Experimental tanks were supplied with 27.0 ± 0.0 °C (mean ± SEM) flowthrough well-water with 95% oxygen saturation (7.57 mg O2/L) at approximately 3.8 L/min.
Each experimental tank (58 cm × 58 cm × 58 cm) was fitted with a 30-cm tall standpipe,
retaining a constant volume of approximately 75 L per tank.
Well water was pumped directly from the source aquifer into an 870-L rectangular head
tank containing a 12.5-amp, 240-volt heater (Innovative Heat Concepts, LLC, Homestead,
Florida) to maintain a consistent temperature. From the initial tank, water for the normoxia
treatments was subsequently pumped into a second 870-L head tank through a perforated PVC
spray bar to degas any supersaturated nitrogen. An oxygen generator (Onyx Ultra, AirSep,
Buffalo, New York) added purified oxygen into this tank through a 10 cm × 2.5 cm section of
diffuser tube; this water was then pumped via a PVC pipe to the experimental tanks through a
ball-valve fitted at each tank and was sprayed into the tank to degas any supersaturated oxygen
or nitrogen. This water (with 95% oxygen saturation) was used for the acclimation periods,
control tanks during the hypoxia trials, and the normoxia phases during the cyclical hypoxia trial.
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The water for the hypoxic treatment was pumped into the initial head tank and then pumped
(Abyzz 100, Venotec GmbH, Rastede, Germany) into a vacuum degassing tower made of 12inch (30.5-cm) PVC to remove supersaturated nitrogen gas. A vacuum pump (DOA-P704, Gast
Manufacturing, Inc., Benton Harbor, Michigan) pulled a vacuum at the top while a pump (Abyzz
200, Venotec GmbH) pulled water through the tower. To prevent unwanted aeration, the
hypoxic water was pumped into each experimental tank during the trials through airline tubing
which enters below the water surface. Dissolved oxygen concentration was measured with a
luminescent probe (LDO2, Hach Company, Loveland, CO) every minute and the average value
logged every 15 minutes with a connected controller display and probe module (SC1000, Hach
Company).
4.3.2

Hypoxia trials
For each trial, 10 (n = 8 for each treatment for each trial, with two extra fish per tank)

channel catfish per tank were stocked into eight tanks (four control and four hypoxic tanks) for a
1-week normoxic acclimation period prior to beginning the hypoxia trial. During both the
acclimation period and hypoxia trials the fish were maintained with a 12 hours light : 12 hours
dark photoperiod and fed daily to excess at 14:00. Four of the tanks were maintained as controls
throughout the duration of the experiment and maintained at 94.7 ± 0.2 % oxygen saturation
throughout the trial. The dissolved oxygen regime in the experimental tanks is described below
for each hypoxia trial.
A single fish was captured with a net from each tank at each sample point to minimize
variation from handling stress between treatments. The remaining fish in each tank then had 624 hours (depending on the experiment) to recover from any potential stress from the netting
procedure. For each hypoxia regime, the experiment was immediately repeated upon the
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conclusion of the first trial to double the sample size. Stocking 10 fish per tank ensured even the
fish sampled had conspecific tank co-habitants at the time of sampling. All experimental
protocols were performed in compliance with the Warmwater Aquaculture Research Unit
Institutional Animal Care and Use Committee (IACUC FY17-005).
4.3.3

Acute hypoxia
Channel catfish weighing 98.3 ± 3.5 g were maintained with oxygen-saturated (7.99 ±

0.11 mg O2/L, 100.2 ± 1.4 % saturation) control water until 20:00, at which point half of the
tanks were switched to hypoxic water (1.75 ± 0.07 mg O2/L, 21.9 ± 0.9 % saturation) for 12
hours until 8:00, when they were switched back to the control, normoxic water (Figure 4.1a).
The transition from oxygen-saturation to hypoxia took approximately 2 hours to complete while
the return to oxygen-saturated water took approximately 30 minutes. Remaining tanks were
maintained as control tanks at 100.2 ± 1.4 % oxygen saturation (7.99 ± 0.11 mg O2/L). Fish
from all tanks were sampled at: 20:00 (immediately prior to lowering the dissolved oxygen
[Hour 0]), 2:00 (Hour 6), 8:00 (immediately prior to raising the dissolved oxygen concentration
[Hour 12]), 14:00 (Hour 18), and 20:00 (Hour 24).
4.3.4

Chronic hypoxia
Catfish averaging 162.4 ± 6.5 g were used for the chronic hypoxia experiment. After a 1-

week acclimation period, hypoxia tanks were subjected to 108 hours of continuous hypoxia at
(1.55 ± 0.03 mg O2/L, 19.4 ± 0.4% saturation) starting at 8:00 (Figure 4.1b) while control tanks
remained near oxygen saturation (8.19 ± 0.14 mg O2/L, 102.6 ± 1.8% saturation, Figure 4.1b).
One fish from each tank was sampled every 24 hours starting at 8:00 (0 hours, 24, 48, 72, 96, and
120 hours). A single fish was sampled per tank at each sample point. Upon completion of the
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study, the entire experiment was repeated to double the sample size (n = 8 for each treatment at
each time point).
4.3.5

Cyclical hypoxia
Fish used during the cyclical hypoxia trial averaged 134.4 ± 4.2 g per fish. Following

acclimation, hypoxia tanks underwent a daily regime of hypoxia (1.49 ± 0.02 mg O2/L, 18.7 ±
0.3% saturation) for 12 hours (from 20:00 until 8:00 the following day) followed by normoxia
(8.34 ± 0.11 mg O2/L, 104.2 ± 1.3% saturation) for the remaining 12 hours (Figure 4.1c). In the
hypoxic tanks, the dissolved oxygen concentration fell from the baseline level to hypoxia over
the course of 2 hours and returned to control (normoxic) levels approximately 30 minutes after
the completion of the 12-hour period. These daily bouts of hypoxia were designed to mimic the
diurnal swings of dissolved oxygen that occur in a catfish production pond (Tucker, 1996). The
control tanks remained at normoxia (8.74 ± 0.16 mg O2/L, 109.3 ± 2.0% saturation) for the
duration of sampling. One fish from each tank was sampled at 12, 24, 36, 48, 60, 72, 84, and 96
hours. The original experimental design called for samples at 108 and 120 hours to be consistent
with the chronic hypoxia treatment, but a power failure prevented sampling past 96 hours.
4.3.6

Sampling
Fish were captured in a net and immediately euthanized with an overdose (0.3 g/L) of

tricaine methanesulfonate (MS-222, Western Chemical, Inc., Ferndale, Washington). The MS222 was dissolved either in control or hypoxic water and each fish was placed in the water bath
that matched their treatment. Once fish lost equilibrium they were immediately removed,
weighed to the nearest gram, and blood was drawn from the caudal vein using a 1 mL tuberculin
syringe (Becton Dickson, Franklin Lakes, New Jersey) with a 25G × 5/8-inch (0.5 mm × 16 mm)
69

hypodermic needle that was rinsed prior to the experiment with 0.34 M
ethylenediaminetetraacetic acid (EDTA, Fisher Scientific Company, Pittsburgh, Pennsylvania).
Care was taken not to draw air into the syringe once the blood was collected and the syringes
were capped and either placed on ice briefly (< 5 minutes) or immediately analyzed.
After the blood was drawn the fish was decapitated and hypothalamus removed. Prior to
dissection, the forceps, fillet knife blades, and cutting board were all rinsed with RNAse AWAY
(Molecular BioProducts, San Diego, California) to reduce possible contamination and
ribonuclease activity. Catfish were decapitated using an electric fillet knife (Rapala VMC Corp.,
Helsinki, Finland) with a vertical cut above the opercula. A second vertical cut was made
immediately behind the orbitals and a third horizontal cut between the two original cuts,
effectively removing the top portion of the skull and exposing the brain. Once the brain was
exposed, it was gently lifted from the skull using curved forceps and tilted upwards to expose the
hypothalamus. The hypothalamus was grasped with curved forceps and immediately dropped
into a screw-top freezer tube containing 500 µL of Tri Reagent (Molecular Research Center, Inc.,
Cincinnati, Ohio). The tube was flash-frozen in liquid nitrogen and later stored in an ultra-cold
freezer at -80 °C prior to molecular analyses.
Whole blood collected in the syringe was used to measure blood PO2 (mmHg). The
syringe was inserted into a water-jacketed sample chamber (µL Sample Cell, Loligo Systems,
Viborg, Denmark) and blood was slowly pushed into the sample cell. Once the blood was in the
sample cell, it was left to stabilize for 3 minutes and blood PO2 was measured by an oxygen
meter (Witrox 1, Loligo Systems) at the same temperature as the experimental tanks.
Afterwards, blood was withdrawn and dispensed into a 1.5-mL snap-cap tube and used for
further analyses.
70

Blood pH was measured using an Accumet Micro Glass pH Electrode (Fisher Scientific
Company) and a pH meter (Accumet AB150, Fisher Scientific Company). Whole blood was
drawn into a heparinized hematocrit tube (Drummond Scientific Corp., Broomall, PA) and spun
for 5 minutes in a hematocrit centrifuge (International Equipment Company, Needham Heights,
Massachusetts). Values (% packed cell volume) were calculated by using a ruler or measured on
a hematocrit capillary tube reader (StatSpin, IRIS International, Westwood, MA). Hemoglobin
(g/dL) was measured by lysing 20 µL of whole blood in Drabkin’s reagent (Sigma-Aldrich, St.
Louis, Missouri) and measuring absorbance on a spectrophotometer (DR 2700, Hach Company,
Loveland, Colorado) at 540 nm. The concentration of hemoglobin was calculated by
comparisons against a standard curve (Hemoglobin standard, Sigma-Aldrich).
A portion of the remaining blood was used in a blood-gas analyzer (ABL80 FLEX
Analyzer, Radiometer Medical, Bronsjoj, Denmark) to measure blood-gas and blood electrolyte
variables including PCO2 (mmHg), sO2 (%), Na+ (mmol/L), K+ (mmol/L), Cl- (mmol/L), glucose
(mg/dl), HCO3- (mmol/L), osmolality (mmol/kg), and P50 (mmHg) for the chronic and cyclical
hypoxia treatments. Blood in the 1.5-mL tube was mechanically drawn into the CO-OX machine
and values were adjusted by an internal algorithm to reflect treatment temperature (27 °C).
Remaining whole blood was centrifuged at 10,000 × g for 4 minutes (AccuSpin Micro 17, Fisher
Scientific Company) and the plasma flash-frozen and saved for later cortisol analysis.
A commercially available enzyme immunoassay for cortisol (EA 65 Cortisol Kit, Oxford
Biomedical Research, Rochester Hills, Michigan) was used to determine plasma cortisol
concentration. The previously frozen plasma was thawed, cortisol extracted, and the cortisol
diluted 20-fold using the extraction buffer in the kit. The assay was performed in a 96-well plate
coated with a rabbit anti-cortisol polyclonal antibody and loaded with samples in duplicate, a
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cortisol standard curve, and blanks. The plate was washed three times with a wash buffer that
was dispensed manually and aspirated by an automated plate washer (Elx50, Bio-Tek
Instruments Inc., Winooksi, Vermont). The plate was read (Fluostar Omega, BMG Labtech
GmbH, Ortenberg, Germany) at 650 nm and compared against a standard curve to estimate
cortisol concentrations. These analyses were performed on fish from for both the acute hypoxia
and chronic hypoxia experiments.
4.3.7

RNA isolation and reverse transcription
Small batches (generally 8 sample tubes per extraction) of hypothalamus were thawed in

a refrigerator at 4 °C. Once thawed, a cooled 4-mm stainless steel ball (VWR International,
Radnor, Pennsylvania) was placed into each tube prior to homogenization. These tubes were
homogenized with an automated tissue homogenizer (TissueLyser, Retsch, Inc., Newtown,
Pennsylvania) for 90 seconds at 15 Hz followed by 5 minutes of centrifugation at 12,000 × g.
Once completed, 400 µL of supernatant was pipetted into a new tube containing 400 µL of 95%
ethanol and mixed thoroughly. This mixture was loaded into a Zymo-Spin II column (Zymo
Research Corp., Irvine, California) and the prescribed Direct-Zol Miniprep (Zymo Research
Corp.) RNA extraction procedure was followed, including the in-column DNAse digestion.
Following the addition of the RNA wash buffer and subsequent centrifugation, a second
centrifugation step was added to ensure complete removal of the wash buffer, which contains
ethanol and could inhibit downstream applications. RNA was eluted in 60 µL of nuclease-free
water and tubes containing the eluate immediately placed in a cooling block. A 5 µL sample of
RNA was used to determine concentration and was measured on a Qubit 3 fluorometer using the
Qubit RNA BR assay kit (Thermo Fisher Scientific, Waltham, MA). Total RNA for all samples
was adjusted to a common concentration of 60 ng/µL using nuclease-free water. The extracted
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RNA was reverse transcribed using iScript Reverse Transcription Supermix (Bio-Rad, Hercules,
California) to create cDNA libraries.
4.3.8

Quantitative PCR
Expression of the genes CRF and UI were analyzed based on their documented role in

appetite regulation of rainbow trout exposed to hypoxia (Bernier and Craig 2005). The reference
gene α-tubulin (TUBA) was selected for its stability in channel catfish under a wide variety of
stressors (Small et al. 2008). All primers and probes were based on sequences found in Genbank
(Table 4.1), designed using the Primer3 utility (Rozen and Skaletsky 2000) in Geneious R11
(Biomatters Ltd, Auckland, New Zealand) and synthesized commercially (Eurofins Genomics,
LLC; Louisville, Kentucky). Each primer set was diluted to 20 µM in TE buffer (Thermo Fisher
Scientific), each probe to 2 µM, and both primers and probes for each gene mixed together to
create a homogenous primer/probe mixture. Primer/probe mixtures for each individual target
gene (CRF and UI) were mixed with the mixture for the reference gene (TUBA) at a 2 : 1 ratio of
target : reference. All qPCR reactions were performed in a hardshell 96-well, low-profile skirted
PCR plate (Bio-Rad) sealed with adhesive Microseal ‘B’ PCR Plate Sealing Film (Bio-Rad).
Triplicate, 20 µL reactions consisted of 10 µL of SsoAdvanced Universal Probes Supermix (BioRad), 4 µL of the primer and probe mixture, 4 µL of nuclease-free water, and 2 µL of sample
cDNA. The qPCR assay was performed on a CFX96 system (Bio-Rad) programmed for a 15minute hot-start at 95 °C, followed by 45 annealing/extension cycles of 10 seconds at 95 °C and
60 seconds at 60 °C. Probe fluorescence was quantified at the end of each cycle, with each plate
including no-template control wells run in triplicate.
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4.3.9

Statistical analyses
All statistical analyses were performed using SAS 9.4 (SAS Institute Inc., Cary, North

Carolina) and data are presented as mean ± SEM. Both sampling periods within each experiment
were considered as a block and included in each analysis of variance (ANOVA) model. Possible
tank effects for each experiment were measured by analyzing the response variables with tank as
the main factor and using ANOVA to detect differences among tanks. This analysis only
identified three variables (osmolality, hematocrit, and hemoglobin during the chronic hypoxia
exposure) that varied significantly among tanks. In the final analyses for those three variables,
tank was included as a covariate in the statistical model. There was not an effect of tank for any
other variable in any other experiment and therefore was not included as a covariate in any other
analyses. For post hoc analyses, least squares means were used to make pairwise means
comparisons. For the acute hypoxia experiment, each variable was measured using a two-factor
ANOVA, including treatment and time as main effects, as well as the interaction term between
the two main effects. In the chronic hypoxia experiment, none of the variables measured had a
significant treatment × time interaction effect, so the interaction term was removed from the
ANOVA model. To provide a better understanding of treatment effects in the cyclical hypoxia
experiment, the hypoxia group was separated into two treatments; those sample periods preceded
by 12 hours of hypoxia (hypoxia) and those preceded by 12 hours of normoxia (recovery). The
control group was separated into the same treatments: AM normoxia (pairs with hypoxia group)
and PM normoxia (pairs with recovery group). These treatment groups were designated to parse
out the effects of hypoxia while still controlling for possible impacts of circadian rhythms or
feeding on measured variables. The level of significance was set at p = 0.05 for all analyses and
all data are presented as mean ± SEM. .
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4.4
4.4.1

Results
Acute hypoxia
Channel catfish body mass was not different (p = 0.215) among time points or treatments

during this experiment. Venous PO2 was significantly (p < 0.001, Figure 4.2a) impacted by the
interaction of treatment and time. Throughout the hypoxia challenge, venous PO2 of fish in the
control (normoxic) tanks averaged 14.2 ± 0.7 mmHg and remained unchanged at every time
point, along with the hypoxia time points 0 and 24 hours (which had the same dissolved oxygen
concentration as the normoxic control tanks). Venous PO2 of hypoxic catfish was less than half
that of normoxic fish by 6 (9.1 ± 1.2 mmHg) and 12 (6.1 ± 0.5 mmHg) hours and were
significantly lower than all other time points; 6 and 12 hours were the only measurements taken
when hypoxic water was flowing into tanks. By 18 hours, during which normoxic water had
resumed flowing into all tanks 6 hours earlier, venous PO2 of catfish from the hypoxic tanks
(10.5 ± 0.8 mmHg) was higher than both the 6- and 12-hour time points in the hypoxic tanks, yet
lower than all other time points, with exception of the 24-hour time point for fish from both the
control and hypoxic tanks (Figure 4.2a).
The acute hypoxia regime did not impact (p = 0.066) pH either by treatment or time, with
pH averaging 6.67 ± 0.04 and 6.68 ± 0.04 over the entire experiment for control and hypoxic
groups, respectively (Figure 4.2b). Hematocrit was significantly (p < 0.0001) impacted by the
interaction of treatment and time (Figure 4.2c). Hematocrits of the fish in control treatments
averaged 27.3 ± 0.5%, which were the stable throughout the duration of the experiment. Fish at
0 and 24 hours in the hypoxia treatment had hematocrit levels that mirrored the control fish,
averaging 25.3 ± 1.0 and 27.7 ± 1.1%, respectively. Hematocrit of hypoxic catfish increased by
1.3-fold at 12 hours (35.3 ± 1.0%) and was significantly higher than any other time point, with
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most remaining time points not different from each other (Figure 2c). Time had a significant (p
= 0.0015) effect on hemoglobin concentration, but treatment or the time × concentration
interaction did not (Figure 4.2d). At both 12- and 18-hour time points, mean hemoglobin
concentration was significantly higher than at 24 hours; all other comparisons were similar.
Transcripts for the CRF gene were not significantly impacted by acute hypoxia at the
time points measured (p = 0.0575, Figure 4.3a). However, at α = 0.06 the model was significant
with the main effect of time (p = 0.0147) being the significant factor. When evaluating the main
effect of time (both treatments averaged together), CRF gene expression at 18 hours was
significantly higher than at 24 hours. There was a significant (p = 0.0197, Figure 4.3b) change in
gene expression of UI with time as the main effect. Time points 12 and 24 hours were similar,
but at 24 hours expression of UI was significantly higher than the remaining time points. For
cortisol, neither the interaction of time × treatment nor main effects were significantly different
(p > 0.37). Cortisol averaged 8.36 ± 1.13 ng/mL for normoxic fish and 7.24 ± 0.74 ng/mL for
hypoxic fish.
4.4.2

Chronic hypoxia
Channel catfish body mass between treatments and among time points during this

experiment were not different (p = 0.453). Blood potassium concentration (K+, p = 0.077), and
HCO3- concentration (p = 0.128) were not different between treatments or among the chronic
hypoxia time points. Venous PO2 was significantly (p < 0.0001) impacted by dissolved oxygen
concentration and was 44% lower on average in the hypoxic (7.9 ± 0.4 mmHg) group than the
control (14.1 ± 0.6 mmHg) group (Table 4.2). This reduction in venous PO2 occurred within 24
hours after the treatment began and was present for the duration of the experiment. Hematocrit
had the opposite response as PO2; fish in the hypoxic treatment had a hematocrit 26% higher (p <
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0.0001) on average than fish in the normoxic group during the 5 days of hypoxia (Table 4.2).
Hemoglobin concentration, perhaps caused by an increase of hematocrit, had a significant
treatment effect (p < 0.024) and was on average 1.28 g/dL (12.6%) higher in fish from the
hypoxic group than the control group. Blood pH was significantly (p = 0.01) impacted by time
but was unaffected by treatment (Table 4.2). At 72 hours, pH was higher than at 24 and 120
hours when averaged across both treatments, but the remaining sample points were the same.
Plasma concentration of sodium (Na+) in hypoxic fish was 6.4 mmol/L (4.7%) lower (p =
0.0001) on average than normoxic control fish throughout the experiment. Similarly, plasma Clconcentration averaged 3.1 mmol/L lower (p = 0.002) for the hypoxia fish over the course of the
hypoxia treatment (Table 4.2). The concentration of glucose was significantly higher (p = 0.001)
in fish from the hypoxic treatment, averaging 13.1 mg/dL higher than control fish (Figure 4.4a).
Potassium concentration (K+, mmol/L) was unchanged throughout the duration of the experiment
(p = 0.077, Table 4.2). Blood osmolality was significantly (p < 0.0001) impacted by both
treatment and time. Osmolality of fish in the hypoxic group averaged 11.3 mmol/L less than fish
from the normoxic control group. The relationship between time and osmolality is less clear;
time points 24 and 96 hours were significantly lower than 48 and 120 hours while other time
points were similar.
Treatment and time both had a significant effect on the partial pressure of CO2 (PCO2, p =
0.003). Mean PCO2 was 28% higher in fish from the normoxic than hypoxic group when
averaged over the duration of the experiment. With both treatments averaged together, PCO2 at
hour 72 was significantly lower than hours 24 and 120, but the remaining time points were
similar. Both the main effects of treatment and time had significant (p < 0.0001) effects on P50,
with the P50 of normoxic fish averaging 2.1-fold higher than the hypoxic fish (Table 4.2).
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Sample hours 72 and 96 were significantly lower than hour 24, but the remaining time points
were not significantly different from each other.
Gene expression of CRF was significantly impacted by the main effect of time (p =
0.0039) during chronic hypoxia (Figure 4.5a). For CRF, hours 24, 72, and 120 were the same
and hours 48 and 96 significantly lower than 24 and 120. The main effect of time also had a
significant effect on the statistical model (p = 0.0185) for UI, with hour 24 being significantly
higher than any other time point (Figure 4.5b). Cortisol concentration did not differ (p > 0.09)
between treatments, among time points, or with their interaction. Cortisol averaged 5.29 ± 0.66
ng/mL for the normoxic control fish and 5.10 ± 0.73 ng/mL for the hypoxic fish.
4.4.3

Cyclical hypoxia
There was not an effect of treatment, time, or their interaction on body mass (p = 0.998)

in the cyclical hypoxia experiment. Venous PO2 was significantly (p < 0.0001) impacted by
treatment (Figure 4.6a). Fish subjected to 12 hours of hypoxia had lower venous PO2 (7.69 ±
0.52) than the recovery group (13.47 ± 0.77), AM normoxia group (14.70 ± 0.61), and the PM
normoxia group (13.90 ± 0.63), which were all the same.
Hematocrit was significantly (p < 0.0001) changed by hypoxia (Figure 4.6c), reaching its
highest level (34.1 ± 0.9%) during the hypoxia treatment and being significantly lower during the
AM normoxia (27.5 ± 0.5%), PM normoxia (27.2 ± 0.6%) and recovery (28.3 ± 0.7%)
treatments. Hemoglobin concentration was also significantly (p = 0.0035) impacted by both
treatment and time (Figure 4.6d). Fish in the hypoxic treatment had the highest average
hemoglobin (13.38 ± 0.36 g/dL) concentration, whereas hemoglobin concentration in the
recovery (12.17 ± 0.39 g/dL), AM normoxia (12.25 ± 0.38 g/dL), and PM normoxia (11.69 ±
0.27 g/dL) treatments were all similar. The model revealed only a time effect (p < 0.0001) on
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pH, yet there was no clear pattern for the pairwise comparisons among time points. Time points
24, 36, 48, and 72 were all significantly higher than 60, 84 and 96, with hour 12 falling in the
middle of the two groups (Figure 4.6b).
Venous PCO2 concentration (p = 0.440, Figure 4.7a) was unchanged with time, treatment,
or their interaction. However, P50 was impacted by treatment, with fish in the AM and PM
normoxia treatments having a significantly (p < 0.0001) higher P50 than both the recovery and
hypoxia treatments (Figure 4.7b). Fish from the PM normoxia treatment (42.6 ± 3.1) were
higher than the AM normoxia treatment (36.8 ± 2.2), which were both higher than the recovery
(26.1 ± 1.0) and hypoxia (20.8 ± 1.5) treatments (Figure 4.7b).
Plasma glucose concentration was affected by the interaction between time and treatment
(p < 0.0001, Figure 4.4b). Fish from the hypoxia time points of 12, 36, 60, and 84 hours and
recovery time point 24 hours had glucose concentrations ranging from 89.6 ± 7.6 to 69.4 ± 5.2
mg/dL that were all significantly higher than the AM normoxia hours 12 and 84, the PM
normoxia hours of 24, 48, 72, and 96, and recovery hour 96, which ranged from 56.4 ± 3.7 to
45.9 ± 3.7 mg/dl (Figure 4.4b). Blood sodium concentration was highest in fish from the AM
normoxia group (134.7 ± 1.5 mmol/L, p = 0.0254) but was similar among fish from the recovery
group (128.9 ± 1.5 mmol/L), PM normoxia group (127.0 ± 1.7 mmol/L), and hypoxia group
(124.4 ± 1.7 mmol/L; Figure 4.7b). Blood Cl- concentration was also significantly (p < 0.0001)
impacted by treatment. Fish in the AM normoxia treatment averaged 117.2 ± 0.2 mmol/L, PM
normoxia averaged 115.8 ± 0.4 mmol/L, recovery averaged 113.9 ± 0.5 mmol/L, and hypoxia
averaged 111.8 ± 0.4 mmol/L and were all different from each other. Concentrations of blood
K+ (p = 0.169) and HCO3- (p = 0.645) were not significantly different among treatments, time, or
their interaction. Osmolality was highest (p = 0.0227) in fish from the AM normoxia group
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(272.7 ± 3.0) and was higher than the other three treatments (which ranged from 263.4 ± 2.2 to
253.2 ± 3.4, Figure 4.7d).
Similar to the previous experiments, hypothalamic gene expression of fish from the
cyclical regime was impacted only by the main effect of time for both CRF (p = 0.0355) and UI
(p < 0.0001, Figure 4.8). For CRF, gene expression at time points 60 and 72 hours was
significantly higher than all other time points except for 48 and 96 hours. Urotensin I gene
expression was highest at time points 72 and 84 hours, which was higher than all other time
points.
4.5

Discussion
Channel catfish have evolved numerous physiological adaptive responses allowing them

to inhabit environments in which they may experience periods of acute or chronic hypoxia.
These adaptations have in part aided the success of channel catfish being raised for commercial
aquaculture in earthen ponds, which experience wide daily swings in dissolved oxygen
concentration. In this study, hematological variables in channel catfish responded rapidly with
the onset of hypoxia and reversed with a return to normoxia, likely facilitating more efficient
uptake of oxygen from the environment. Gene expression of the neuropeptides CRF and UI and
plasma cortisol concentration did not change in response to hypoxia, while plasma glucose
concentration did increase during initial periods of low dissolved oxygen concentration.
Together, these data suggest there may have been an earlier upregulation of the HPI axis missed
by these sampling time points and was followed either by a gradual acclimation to the hypoxia
treatment or depletion of endogenous glycogen reserves.
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4.5.1

Hematological responses to hypoxia
Channel catfish exposed to the hypoxic treatment incurred a rapid and reversible change

in hematocrit. Hematocrit increased after 6 hours of hypoxia and was similar to other previously
reported values of hypoxic channel catfish (Scott and Rogers, 1981) and returned to control
values by 6 hours post-hypoxia. When subjected to daily fluctuations in hypoxia, hematocrit
rose and fell with the respective daily onset and conclusion of hypoxia. However, in both the
acute and cyclical hypoxia experiments, this increase in hematocrit was not matched with a
concurrent increase in hemoglobin concentration of a similar magnitude, suggesting that either
one or two mechanisms occurred. First, there are numerous examples of fishes increasing
splenic contractions with the onset of hypoxia and thus rapidly releasing red blood cells into the
blood stream (Wells et al., 1989; Wells and Weber, 1990; Lai et al., 2006). Second, erythrocytes
can swell (Val et al., 2015; Aboagye and Allen, 2018), causing an increase in measured
hematocrit without a concomitant increase in abundance of red blood cells. In this study red
blood cell volume or size was not measured directly. However, given there were only modest
increases in hemoglobin concentration coupled with a much larger increase in hematocrit during
hypoxia, a potential explanation is that both an increase of erythrocyte number and swelling
occurred. Scott and Rogers (1981) did not find evidence of either an increase of hematocrit or
erythrocyte swelling in hypoxic channel catfish subjected to a dissolved oxygen concentration of
1.5 mg/L for 24-72 hours, however they did report increased hemoglobin concentration. Their
control hematocrits (averaging 32.1%) were higher than the measured range of control values
from this study (27.2-28.6%) and may indicate their control fish had previously upregulated
hematocrit in response to some other stimulus. Hematocrit of southern flounder (Paralichthys
lethostigma) exposed to chronic hypoxia for 26 days returned to baseline values, whereas the
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flounder exposed to cyclical hypoxia over the same duration never stabilized (Taylor and Miller,
2001).
Increasing gill permeability during periods of hypoxia is a common response among
fishes (Sollid et al., 2003; Matey et al., 2008; Aboagye and Allen, 2018), which generally leads
to a decrease in plasma ion balance. In the chronic hypoxia experiment, channel catfish plasma
had significant decreases in Cl-, Na+ and osmolality, but an increase in K+, mirroring the results
of Matey et al. (2008), who reported similar findings in scaleless carp exposed to hypoxia up to
24 hours. Gill morphology data were not collected in this study. As such, identifying an
underlying mechanism responsible for these changes is speculative, but the resulting ion loss is
consistent with a lamellar surface undergoing transformation and increasing permeability (Matey
et al., 2008).
Venous PO2 from the caudal vein of catfish during acute hypoxia fell sharply within 6
hours of the onset of hypoxia, similar to the decrease of 25 mmHg to 9 mmHg of venous PO2
after 2-3 hours of hypoxia that Burggren and Cameron (1980) found in channel catfish. Arterial
PO2 of American paddlefish decreased within 2 hours of hypoxia (Aboagye and Allen, 2018),
suggesting venous PO2 of catfish may have decreased earlier than 6 hours. The magnitude of this
drop in venous PO2 is similar to that of rainbow trout under similar hypoxic conditions
(Steffensen and Farrell, 1998). In the chronic hypoxia experiment, venous PO2 averaged 44%
lower on average than fish in the normoxic control group for all 5 days, with no apparent return
to control values. None of the physiological responses employed were able to raise venous PO2
levels during this time, although it is possible over a longer duration there would be successful
compensation. However, in sailfin mollies (Poecilia latipinna) held in hypoxia for six-weeks,
Pcrit did not return to baseline levels, decreasing by over 20% (Timmerman and Chapman, 2004).
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In the cyclical hypoxia treatment of this study, blood PO2 fell with hypoxia but recovered each
day with the onset of normoxia and appeared to mirror the pattern shown in the acute hypoxia
experiment. It appears that within the time frame measured (four consecutive days) there are no
lingering effects on venous PO2 from episodic bouts of hypoxia, however, it is unclear if this
pattern would persist over a longer period.
Carbon dioxide is typically unloaded at the gills during the hyperventilatory response to
hypoxia as previously observed in channel catfish (Gerald and Cech, 1970; Burggren and
Cameron, 1980; Burleson and Smatresk, 1990). In this study there was no change in fish PCO2
during the cyclical hypoxia experiment, yet catfish exposed to chronic hypoxia had significantly
lower PCO2 than fish held in normoxic water. Given PCO2 of fish the cyclical group was
measured after 12 hours of hypoxia and the chronic group after 24 hours, it appears the
underlying physiological responses reduce the accumulation of carbon dioxide for some time,
but not indefinitely. Hemoglobin-O2 affinity, measured as P50, increased rapidly in the cyclical
hypoxia catfish with the onset of hypoxia (after 12 hours of hypoxia) and although data
elucidating the mechanisms responsible for this shift were beyond the scope of this study, the
patterns revealed are similar to those of other studies. Previous fish studies have found that the
P50 of the Antarctic borch (Pagothenia borchgrevinki) decreases by 33% within 11 days posthypoxia (Wells et al., 1989), rainbow trout decreases by 15% within 14 days (Bushnell et al.,
1984), and plaice (Pleuronectes platessa) decreases by 41% (undisclosed time frame, Wood et
al., 1975). In this study, catfish exposed to chronic hypoxia experienced a 53% reduction of P50
while the hypoxic fish in the cyclical experiment averaged 52% lower than their normoxic
control counterparts. Rapid shifts in Hb-O2 binding affinity can occur from decreased
concentrations of erythrocytic organic phosphates, namely ATP and GTP (Val 2000). Their
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collective concentration (NTP, nucleoside triphosphates) can rapidly decrease with the onset of
hypoxia; as soon as 10 minutes for some species adapted to habitats that may frequently
experience hypoxia (Val 2000). Future studies would benefit from investigation into underlying
mechanisms increasing affinity, which may include the allosteric binding of NTP, H+ and Cl(Jensen et al., 1998).
4.5.2

Effect of hypoxia on the stress response
The neuropeptides CRF and UI form the basis of the HPI axis, the pathway that

stimulates ACTH and ultimately cortisol production during the response to various stressors in
fishes (Bernier and Craig, 2005; Doyon et al., 2005). Both CRF and UI were not impacted by
hypoxia in these experiments based on the two-factor ANOVA originally selected for analyses.
However, when each time point was analyzed independently using a single-factor ANOVA with
hypoxia treatment as the factor, after 18 hours UI in the acute hypoxia treatment was
significantly upregulated (Figure 4.3), perhaps indicating a period of greater UI gene expression.
It is unclear why there was not a widespread upregulation of CRF and UI transcription in
this study, but there are numerous plausible explanations. Sampling from a different region of
brain may have yielded different results, although existing literature suggests the hypothalamus
is the site of CRF and UI production (Bernier and Peter, 2001). Another possibility is that the
hypoxia challenge did not sufficiently stimulate the HPI axis. Previous research on channel
catfish in earthen ponds demonstrated a reduction in appetite when the daily dissolved oxygen
concentration falls below 3.0 to 3.5 mg/L (Torrans, 2008), suggesting that the HPI axis was
stimulated and ultimately led to a reduction in appetite. While dissolved oxygen concentration in
this study generally fell below 1.8 mg/L and should have been low enough to decrease appetite
(and thus the underlying mechanism regulating this phenomenon, presumably the HPI axis), this
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lab-based experiment was missing some aspects of pond culture that might be critical to eliciting
the appetite-reducing response.
Notably, in these experiments, dissolved carbon dioxide concentration was not
manipulated and fish were not forced to swim, both of which independently or together could
cause a greater degree of functional hypoxia. In a commercial catfish pond, as dissolved oxygen
falls nightly due to the lack of photosynthesis it is coupled with a rising concentration of
dissolved carbon dioxide which lowers the pond pH. This acidification of the pond may
decrease Hb-O2 binding affinity and intensify the level of functional hypoxia, potentially leading
to greater stimulation of the HPI axis. Furthermore, in an attempt to inhabit the zone with the
greatest dissolved oxygen concentration, aquaculture catfish typically swim directly behind
paddlewheel aerators that can produce a current up to 75 cm/s (Boyd et al., 2018). In contrast,
the fish used in this experiment were not forced to swim while subjected to hypoxia and
generally laid on the bottom of the tank closest to the outlet water. The combined effect of a
higher dissolved carbon dioxide concentration and forced swimming may induce a higher degree
of functional hypoxia that was not recreated in this experiment.
Initiation of the HPI axis is triggered by the upregulation of CRF/UI transcription; given
there was not a measured increase of their transcription it is reasonable to expect a similar nonresponse of circulating cortisol concentration. The cortisol concentrations for both the acute and
chronic experiments reported here fell within ranges of non-stressed channel catfish published in
other studies. Small and Davis (2002) measured cortisol concentrations of 14.4 and 46.5 ng/mL
of non-stressed and stressed channel catfish, respectively. Similarly, non-stressed channel
catfish subjected to a variety of anesthetics all had average cortisol concentrations below 10
ng/mL (Small, 2003). Both of the aforementioned studies measured responses within 2 hours
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(Small and Davis, 2002; Small, 2003), highlighting the potential rapidity of the HPI axis and the
fact that the current study simply may have sampled too late to measure the primary stress
response.
In contrast, Tomasso et al. (1981) demonstrated varied responses of plasma corticosteroid
(cortisol, cortisone, and corticosterone) concentration in channel catfish depending on the type of
hypoxia challenge. In an acute hypoxia challenge that dropped the dissolved oxygen
concentration to 0.1 mg/L over 38 minutes then returned to control values by 120 minutes, their
catfish displayed an immediate spike in plasma corticosteroids (by 38 minutes) and a secondary
increase (4-11 hours later) after the hypoxia challenge ended. A 3-day hypoxia challenge at a
dissolved oxygen concentration of 0.2 mg/L produced a progressively higher concentration of
corticosteroids followed by a return to baseline values 2 days after the challenge ended. Both the
acute and chronic hypoxia trials in the Tomasso et al. (1981) study used much lower (0.1-0.2 mg
O2/L) dissolved oxygen concentrations than the current study (1.8 mg O2/L). Finally, Tomasso
et al. (1981) found that a 24-hour cycle of varying dissolved oxygen concentrations, ranging
from 3.5 mg/L to 6.0 mg/L, produced no change in corticosteroid concentration. The magnitude
and duration of hypoxic episodes as well as the selected sampling periods likely determines what
level of stress response (if any) is elicited or measured. In the case of chronic or repeated
stressors, and the stress response may be limited over time by habituation (Barton, 2002).
Glucose is commonly used as an indicator of the secondary stress response and its release
from the liver is due to increased circulating cortisol and catecholamines, both primary stress
responses (Barton, 2002). Hypoxia has been shown to elicit a variety of responses of plasma
glucose concentration in fishes, with the concentration falling in cod (Herbert and Steffensen,
2005), increasing in bluegill (Heath and Pritchard, 1965) and tambaqui (Affonso et al., 2002),
86

remaining the same in cutthroat trout (Heath and Pritchard, 1965), or changing depending on the
duration of the hypoxic exposure and population locality in sticklebacks (O’Connor et al., 2011).
In this project, glucose concentration in the plasma was significantly higher for hypoxic fish in
both the chronic and cyclical hypoxia treatments. Elevated glucose concentration was present
within 12 hours post-hypoxia but trends toward a return to control values by 96 hours in both
chronic and cyclical treatments. This reversal of glucose concentration may be due to
habituation of the catfish to the hypoxia exposure (Barton, 2002) or a gradual depletion of
endogenous glycogen stores (Nilsson and Östlund-Nilsson, 2008).
This study increases the understanding of the hematological responses used by channel
catfish to mitigate the effects of acute, chronic, or cyclical hypoxia. Channel catfish exposed to
hypoxia appear to use multiple adaptive mechanisms such as increasing gill permeability,
increasing the relative proportion of red blood cells, and improving Hb-O2 binding affinity to
improve oxygen loading. While neither increases in UI and CRF transcription nor the
subsequent production of cortisol were detected in response to hypoxia, subsequent studies
evaluating immediate response time points and the synergistic effects of carbon dioxide, exercise
and hypoxia would be beneficial to better understand HPI axis responses.
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Table 4.1

Quantitative polymerase chain reaction primers and probes used to determine gene
expression of corticotropin-releasing factor (CRF) and urotensin I (UI).

Primer/Probe
Forward
Reverse
Probe

Sequence (5’-3’)
TATATCATTTGCGCAAACAAGAATCC
CTGCTCGGCACTCGTTCATG
6Fam-TCGTCACGACCGCCGCAGCT-BHQ1

GC
(%)
34.6
60.0
70.0

Tm (°C)
59.9
64.5
68.6

UI

Forward
Reverse
Probe

CATCTGCTGCGCAATATGATTGA
CTTCCCGACTTCGTCCAGATATT
HEX-AGGGAACAGGCAGAACTGAACCGCA-BHQ1

43.5
47.8
56.0

61.0
62.8
67.9

TUBA

Forward
Reverse
Probe

AGCCATACAATTCCATCCTGACC
GCGGCAGATGTCGTAGATGG
TxRed-CCACACCACACTTGAGCACTCCGAC-BHQ2

47.8
60.0
60.0

62.8
64.5
69.5

CRF

Quantitative polymerase chain reaction (qPCR) primers and probes used to determine gene
expression of corticotropin-releasing factor (CRF) and urotensin I (UI). α-Tubulin (TUBA) was
used as a reference gene. Primers and probe, sequence, percentage of guanine and cytosine
(GC), and melting temperature (Tm) are presented for each target and reference gene.

88

Table 4.2

Blood chemistry variables for channel catfish maintained at normoxic or chronic
hypoxia for 120 hours.
Variable
n
Mass (g)
PO2 (mmHg)
PCO2 (mmHg)
pH
Hematocrit (%)
Hemoglobin (g/dL)
HCO3- (mmol/L)
Na+ (mmol/L)
K+ (mmol/L)
Cl- (mmol/L)
Osmolality (mmol/kg)
P50 (mmHg)

Treatment
Normoxia
Hypoxia
8
8
159.6 ± 9.4
165.6 ± 11.1
14.10 ± 0.62
7.89 ± 0.37
31.6 ± 1.9
24.6 ± 1.1
6.94 ± 0.04
7.00 ± 0.03
28.6 ± 0.6
36.0 ± 0.9
10.18 ± 0.22
11.46 ± 0.37
3.32 ± 0.14
3.29 ± 0.14
136.6 ± 1.0
130.2 ± 1.0
12.41 ± 0.45
13.29 ± 0.36
114.2 ± 0.57
111.1 ± 0.51
277.0 ± 2.0
265.7 ± 1.7
45.6 ± 1.7
21.4 ± 1.0

P-value
0.453
< 0.0001
0.003
0.0101
< 0.0001
0.024
0.128
0.0001
0.077
0.002
< 0.0001
< 0.0001

Data are presented as mean ± SEM. For clarity values are averaged over the entire duration of
the experiment. All significant variables contained treatment as a significant main effect except
for pH, which only had a significant time effect.
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Figure 4.1

Dissolved oxygen regimes used in the hypoxia experiments in this project.

Dissolved oxygen (% saturation) regimes for the acute (a), chronic (b), and cyclical (c) hypoxia
experiments used in this project. Each symbol on the graph denotes a sampling point wherein
both a control (circle) and hypoxia (diamond) fish were sampled from each tank. Data points
and error bars indicate mean ± SEM in this and following figures.
90

Figure 4.2

Venous PO2, pH, hematocrit, and hemoglobin for channel catfish during acute
hypoxia.

Venous PO2 (mmHg, A), pH (B), hematocrit (%, C), and hemoglobin (g/dL, D) for channel
catfish (Ictalurus punctatus) during acute hypoxia. Significant differences in the interaction of
treatment × time are indicated by different lowercase letters while a significant difference in time
is denoted by different uppercase letters. Note the shaded segments indicate periods of hypoxia
and the y-axis for pH does not begin at zero. Data are presented as mean ± SEM.
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Figure 4.3

Gene expression of corticotropin-releasing factor (CRF) and urotensin I (UI) of
channel catfish during acute hypoxia.

Gene expression of corticotropin-releasing factor (CRF, A) and urotensin I (UI, B) of channel
catfish during acute hypoxia. Data are presented as the relative increase of the target genes
relative to the reference gene, alpha tubulin (TUBA). Shaded segments indicate periods of
hypoxia and a significant difference in the effect of time is denoted by different uppercase letters.
Data are presented as mean ± SEM.
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Figure 4.4

Glucose concentration of channel catfish in the chronic and cyclical hypoxia
experiments.

Glucose concentration (mg/dL) for channel catfish in the chronic (A) and cyclical (B) hypoxia
experiments. Catfish in the chronic hypoxia treatment had significantly higher glucose
concentration than catfish in the normoxic control tanks. For the cyclical hypoxia experiment,
significant differences in the interaction of treatment × time are indicated by different lowercase
letters. Note that the shaded segments indicating periods of hypoxia. Data are presented as
mean ± SEM.
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Figure 4.5

Gene expression of corticotropin-releasing factor and urotensin I of channel catfish
during chronic hypoxia.

Gene expression of corticotropin-releasing factor (CRF, A) and urotensin I (UI, B) of channel
catfish during chronic hypoxia. Data are presented as the relative increase of the target genes
relative to the reference gene alpha-tubulin (TUBA). A significant difference in the main effect
of time is denoted by different lowercase letters with the shaded segments indicating periods of
hypoxia. Data are presented as mean ± SEM.
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Figure 4.6

Venous PO2, pH, hematocrit, and hemoglobin for channel catfish exposed to
cyclical hypoxia.

Venous PO2 (mmHg, A), pH (B), hematocrit (%, C), and hemoglobin (g/dL, D) for channel
catfish exposed to cyclical hypoxia. Note the shaded segments indicate periods of hypoxia and
that the y-axis for pH does not begin at zero. A significant difference in the effect of treatment is
indicated by different uppercase letters while a significant difference in the effect of time is
denoted by different lowercase letters. Data are presented as mean ± SEM.
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Figure 4.7

Venous PCO2, P50, Na+, and osmolality for channel catfish during cyclical hypoxia.

Selected hematological parameters for channel catfish in the cyclical hypoxia regime including
venous PCO2 (mmHg, A), P50 (mmHg, B), Na+ (mmol/L, C), and osmolality (mmol/kg, D). Note
the y-axes for Na+ and mOsm do not begin at zero and that shaded segments indicate periods of
hypoxia. A significant difference in the effect of treatment is indicated by different uppercase
letters. Data are presented as mean ± SEM.
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Figure 4.8

Gene expression of corticotropin-releasing factor and urotensin I of channel catfish
during cyclical hypoxia.

Gene expression of corticotropin-releasing factor (CRF, A) and urotensin I (UI, B) of channel
catfish during cyclical hypoxia. Data are presented as the relative increase of the target genes
relative to the reference gene, alpha tubulin (TUBA). Shaded segments indicate periods of
hypoxia and a significant difference in the effect of time is denoted by different lowercase letters.
Data are presented as mean ± SEM.
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CHAPTER V
HYPOTHALAMIC TRANSCRIPTOME RESPONSE TO SIMULATED DIEL EARTHEN
POND HYPOXIA CYCLES IN CHANNEL CATFISH (ICTALURUS PUNCTATUS)
5.1

Abstract
Channel catfish (Ictalurus punctatus) used in commercial aquaculture are raised in

earthen ponds characterized by diel swings in dissolved oxygen concentration that may decrease
to moderate or even severe levels of hypoxia. Low dissolved oxygen in catfish production ponds
can suppress appetite, leading to suboptimal growth. To understand the underlying molecular
framework that may govern appetite in channel catfish during hypoxia, the hypothalamus
transcriptome was analyzed to identify genes and patterns of genes responding to hypoxia.
Channel catfish were subjected to 12 hours of hypoxia at 20% oxygen saturation (1.8 mg O2/L at
27 °C) followed by 12 hours of recovery in normoxic water (100.1% oxygen saturation; 8.0 mg
O2/L) and fish were sampled at 0-, 6-, 12-, 18-, and 24-hour time points, with the hour 6 and 12
samplings occurring during hypoxia. Among the time points sampled, 190 genes were
differentially expressed, with the greatest numbers found during the periods of hypoxia. The
amount differentially expressed genes fell sharply during the normoxic recovery time points.
Differentially expressed genes were grouped by function into Gene Ontology (GO) biological
processes and were most overrepresented by the group “response to hypoxia” and GO molecular
processes were predominated by “iron ion binding.” Gene expression patterns in the
hypothalamus suggests an increase in vascularization coupled with a shift to anaerobic glycolysis
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provide tissue-level protection from hypoxic damage. This work identified several gene
candidates that could be useful targets for future studies investigating appetite, in addition to
other potential biomarkers for hypoxia.
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5.2

Introduction
Channel catfish (Ictalurus punctatus) and its hybrid with the blue catfish (female I.

punctatus × male I. furcatus) comprise the majority of the United States (U.S.) catfish
aquaculture industry, the largest aquaculture segment in the U.S. (USDA, 2019). These catfishes
are typically grown in earthen ponds that undergo dramatic nightly reductions in dissolved
oxygen concentration from phytoplankton, fish, and bacterial respiration (Boyd et al., 2018).
These nightly periods of hypoxia range from 6-12 hours and are followed by swings into
supersaturation of dissolved oxygen during daylight hours from a net production of oxygen from
photosynthesis (Boyd et al., 2018). Without supplemental mechanical aeration, these nightly
dissolved oxygen depletions during the summer are sufficient to reduce appetite (Torrans, 2005
and 2008), dampen the immune response (Welker et al., 2007), and in extreme cases without
intervention, suffocate the fish (Boyd et al., 2018).
Little is known regarding the underlying regulatory mechanisms governing the channel
catfish response to hypoxia. Typically, when environmental oxygen depletions are detected, it
stimulates a cascade of transcriptional changes stemming from a proliferation of the hypoxiainducible factor (HIF) complex of proteins. These transcription factors have been identified as
the master regulators of the hypoxia response (Semenza, 2014). HIF is not only involved with
the response to environmental hypoxia, but also at the tissue-level when coping with pathological
conditions that reduce the amount of oxygen delivered (Semenza, 2014). A number of genes are
consistently identified as targets of HIF across a variety of taxa, including those involved with
the regulation of angiogenesis (vegf; Marti, 2004), erythropoiesis (epo; Lee and Percy, 2011),
glycolysis (aldo; Webster, 2003) and metabolic rate (cs, Zhang, et al., 2017).
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One of the primary objectives of aquaculture enterprises is to grow fish as quickly and
efficiently as possible, thus requiring the fish to maintain a full appetite. The most important
abiotic factor in maintaining appetite in pond-raised channel catfish is dissolved oxygen
concentration, with both growth rate and production decreasing as daily minimum dissolved
oxygen is lowered (Torrans, 2005 and 2008). While the impact of daily minimum dissolved
oxygen on appetite is well documented, the underlying mechanisms regulating this change in
appetite are not clear.
One mechanism that may impact fish appetite during hypoxia is hypothalamic mediation
of the stress response, which is directed by the hypothalamic-pituitary-interrenal (HPI) axis
(Barton, 2002). As a stressor is perceived, the hypothalamus is stimulated and upregulates the
production of the neuropeptides corticotropin-releasing factor (CRF) and urotensin I (UI). In
turn, this signals the pituitary to increase production of adrenocorticotropic hormone (ACTH)
which is secreted into circulation and signals the interrenal tissue to increase cortisol production
(Bernier and Peter, 2001). After the stress response is activated, additional cortisol production
results in negative feedback at all levels of the HPI axis and the pathway downregulates to basal
levels (Barton, 2002).
During periods of hypoxia, rainbow trout (Oncorhynchus mykiss) increase mRNA
transcription of CRF and UI which corresponds with a reduction in appetite (Bernier and Craig,
2005). Similar appetite reductions occur and are coupled with increased expression of CRF and
UI when rainbow trout are transferred from freshwater to saltwater (Craig et al., 2005). Further,
direct administration of UI via intracerebroventricular injections reduced appetite in goldfish
(Carassius auratus, Bernier and Peter, 2001). While the exact mechanism is not known, either
some aspect of the HPI axis alone or in coordination with multiple hormonal pathways ultimately
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decreases appetite (Bernier, 2006). In channel catfish, corticosteroid (cortisol, cortisone, and
corticosterone) concentration increases after both brief (1 hour) and extended (5 days) periods of
extreme (< 1.0 mg O2/L) hypoxia (Tomasso et al. 1981). However, a direct link between the HPI
axis, appetite, and their molecular underpinnings have not been made in channel catfish.
In addition, hypothalamic mediation of appetite can be achieved through neuropeptidedriven appetite regulation independent of the HPI axis (Lin et al., 2000). For example, the
neuropeptides neuropeptide Y (NPY), agouti-related peptide (AgRP), and ghrelin (GHRL) are
orexigenic, increasing appetite, while proopiomelanocortin (POMC) and cholecystokinin (CCK)
are anorectic, decreasing appetite (Volkoff et al., 2005). In general, many of these appetite
regulating factors are acting in response to the presence or absence of food, with the orexigenic
neuropeptides increasing their concentration when fish are postabsorptive and the anorectic
factors increasing once a meal has been consumed (Volkoff et al, 2005). Some of these
neuropeptides work in concert, such as AgRP, regarded as one of the more important appetite
regulating neuropeptides, being released in the hypothalamus to antagonize the effect of the
anorectic neuropeptide POMC (Volkoff, 2005). Daily hypothalamic regulation of appetite
results from nutrient and mechanical signals from the gut as food passes (GHRL and leptin;
Crespo et al., 2014) or environmental factors such as temperature (cocaine- and amphetamineregulated transcript [CART]; Kehoe and Volkoff, 2008) or toxic ammonia concentration (CRF;
Ortega et al., 2005).
The fish hypothalamus regulates a variety of physiological processes beyond stress and
appetite regulation, including reproduction (Zohar et al. 2010), sleep (Applebaum et al., 2009),
and behavior (Nelson and Prosser, 1979). While studies have measured the transcriptomic
response of the brain to hypoxia in fishes (Ao et al., 2015; Geng et al., 2014; Lai et al., 2016),
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none of these focused on the hypothalamus. Given its broad regulatory importance, the
hypothalamus may play an important role in mobilizing physiological responses during episodes
of hypoxia. Changes in hypothalamic gene expression may offer an important insight to
understanding the physiological responses to hypoxia in channel catfish. Therefore, RNAsequencing (RNAseq) was used to examine changes in transcription at the hypothalamus to
elucidate the underlying molecular framework of the stress and homeostatic responses of channel
catfish during periods of hypoxia and subsequent recovery. This transcriptomic response was
investigated with the aim of identifying the genes responsible for adaptive mechanisms
responding to hypoxia and potentially impacting appetite regulation.
5.3
5.3.1

Materials and Methods
Fish source and husbandry
Delta Select strain channel catfish spawned at the National Warmwater Aquaculture

Center in Stoneville, Mississippi were used for this study. The Delta Select strain of channel
catfish has been selected for fast growth and was recently adopted for production by the
commercial catfish industry (Bosworth et al., 2020). Prior to transfer to experimental tanks, fish
were maintained together for 1 year in 790-L holding tanks at 24.5 °C at 90% oxygen saturation
and fed a 32% protein commercial extruded catfish diet (Delta Western, Indianola, MS) daily to
satiation. All experimental protocols were performed in compliance with the USDA-ARS
Warmwater Aquaculture Unit’s Institutional Animal Care and Use Committee protocol FY16005.
Eight experimental tanks were each stocked with 10 fish (110 ± 5 g, mean ± SEM) and
supplied flow-through water (3.8 L/min; 27.0 ± 0.0 °C) at 94.7 ± 0.2% oxygen saturation (7.55 ±
0.02 mg O2/L). Each experimental tank was 150 L (58 cm × 58 cm × 58 cm) and fitted with a
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30-cm tall standpipe, leaving approximately 75 L of water per tank. Fish were acclimated for 1
week, maintained with a 12 hours light : 12 hours dark photoperiod, and fed once daily to excess
at 14:00 to mirror feeding schedules used at this facility and suggested best feeding practice for
the catfish aquaculture industry (Robinson et al., 1995).
Well water was pumped into a 870-L head tank with a 12.5-amp, 240-volt heater
(Innovative Heat Concepts, LLC, Homestead, Florida) and subsequently pumped into a second
870-L head tank through a custom-made PVC spray bar to aerate and degas supersaturated
nitrogen. An oxygen generator (Onyx Ultra, AirSep, Buffalo, New York) added purified oxygen
into this tank, after which water was pumped to the experimental tanks through a ball-valve fitted
at each tank. This water was used for both the acclimation period and control tanks during the
hypoxia trial. The hypoxic water was pumped into the initial head tank and subsequently
pumped into a vacuum degassing tower to remove supersaturated nitrogen. From the vacuum
degasser, the hypoxic water was pumped into each experimental tank at appropriate times during
the hypoxia trials through airline tubing to prevent unwanted aeration through splashing and
mixing at the surface. Hypoxic and normoxic control tanks were paired to prevent any
interference from the spatial arrangement of tanks. Dissolved oxygen concentration was
measured every minute with a SC1000 controller display module and SC1000 controller probe
module (Hach Company, Loveland, CO) with a LDO 2 probe (Hach Company).
5.3.2

Hypoxia trial
Half of the tanks (n = 4) were maintained as oxygen-saturated, normoxic controls, with

dissolved oxygen concentrations maintained at 7.98 ± 0.15 mg/L at 27.02 ± 0.02 °C (100.1 ±
1.9% saturation) throughout the trial. Experimental tanks were maintained with normoxic
control water until 20:00, at which point the supply was switched to hypoxic water (1.84 ± 0.14
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mg O2/L at 26.98 ± 0.06 °C [23.0 ± 1.8% saturation]) for 12 hours until 8:00, when normoxic
supply was resumed (Figure 5.1). The transition from normoxic water to hypoxic water took
approximately 2 hours to complete, while the return to normoxic water took approximately 30
minutes. All tanks were sampled at 20:00 immediately prior to lowering the dissolved oxygen
concentration (Hour 0), at 2:00 (Hour 6), at 8:00 immediately prior to raising the dissolved
oxygen concentration (Hour 12), 14:00 (Hour 18), and again at 20:00 (Hour 24) to complete the
cycle. A single fish was sampled per tank at each sample point. This entire procedure was
repeated 20 days later using different fish from the same genetic family to increase sample size
(n = 8).
Sampled catfish were captured in a net and immediately euthanized with an overdose (0.3
g/L) of tricaine methanesulfonate (MS-222, Western Chemical, Inc., Ferndale, Washington).
The MS-222 was dissolved either in control or hypoxic water that is naturally buffered
(alkalinity > 200 mg/L as CaCO3) and each fish was euthanized in water that matched their
respective treatments. Once a fish lost equilibrium they were immediately removed, weighed to
the nearest gram, and decapitated with an electric fillet knife (Rapala VMC Corp., Helsinki,
Finland). A second cut was made immediately behind the orbitals and a third between the two
original cuts, effectively removing the top portion of the skull and exposing the brain. Prior to
dissection, the forceps, fillet knife blades, and cutting board were all rinsed with RNAse AWAY
(Molecular BioProducts, San Diego, California). The exposed brain was gently lifted from the
skull using forceps and the hypothalamus removed with curved forceps. The hypothalamus was
immediately dropped into a screw-top freezer tube (2 mL) containing 500 µL of Tri Reagent
(Molecular Research Center, Inc., Cincinnati, Ohio), flash-frozen in liquid nitrogen, and stored
cryogenically (-80 °C) until processing.
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5.3.3

RNA extraction
To minimize tissue degradation, small batches (4 - 8 per extraction) of sample tubes with

hypothalamus were thawed at 4 °C. Once thawed, a cooled 4-mm stainless steel ball (VWR
International, Radnor, Pennsylvania) was placed in each tube and tissues were homogenized with
an automated tissue homogenizer (TissueLyser, Retsch, Inc., Newtown, Pennsylvania) for 90
seconds at 15 Hz. The homogenate was pelleted by centrifugation (5 minutes; 12,000 × g) and
400 µL of supernatant pipetted into a new tube containing 400 µL of ethanol and vortexed to
ensure thorough mixing. This mixture was loaded into a Zymo-Spin II column (Zymo Research
Corp., Irvine, California) and RNA extracted using the Direct-Zol Miniprep kit (Zymo Research
Corp.) with slight modifications. Deviations from the standard protocol included performing the
in-column DNAse digestion procedure as well as a second centrifugation following the addition
of the RNA wash buffer. These modifications resulted in cleaner preps and more efficient
removal of wash buffer. Extracted RNA was eluted in 60 µL of nuclease-free water and samples
were immediately placed in a pre-chilled (-20 °C) cooling block.
For each sample, RNA concentration was determined from 5 µL aliquots on a Qubit 3
fluorometer using the Qubit RNA BR assay kit (Thermo Fisher Scientific, Waltham,
Massachusetts). All samples were adjusted to a common concentration of 60 ng/µL using
nuclease-free water. The quality of RNA was estimated from 1 µL aliquots using the Agilent
RNA 6000 Nano kit (Agilent Technologies, Santa Clara, California, USA) run on the Agilent
2100 Bioanalyzer (Agilent Technologies). Samples with an RNA integrity number (RIN) less
than 8 (ratio of 28S to 18S rRNA) were discarded and the remaining samples used in the study
had an average RIN of 9.0 ± 0.0.
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5.3.4

cDNA library construction and sequencing
Extracted RNA samples were prepared for sequencing at the USDA-ARS Genomics and

Bioinformatics Research Unit (GBRU, Stoneville, MS). RNA was converted to cDNA libraries
using the TruSeq Stranded mRNA Library Prep kit with unique dual indexing (P/N 20020594 &
20022371, Illumina, Inc., San Diego, CA, USA) following the manufacturer’s protocol and
amplified through 15 PCR cycles. Illumina cDNA library size validation was performed using
the Agilent Tapestation 2200 High Sensitivity D1000 Assay (Product number 5067-5584,
Agilent Technologies). Any residual adapter or adapter dimers were removed by paramagnetic
bead-based treatment of a ratio of 1 volume library preparation to 0.6 volume of SPRIselect
reagent (P/N B23318, Beckman Coulter Inc, Indianapolis, IN, USA). Prior to equimolar library
pool preparation, individual libraries were assayed for concentration by an Illumina library
quantification kit (Product number KK4854, Kapa Biosystems, Inc., Wilmington, MA, USA) on
a qPCR instrument (LightCycler 96, Roche Applied Science, Indianapolis, Indiana, USA). Each
pool, which averaged 500 base pairs in length at a concentration of 2.8 nM, was clustered in a
single flowcell lane by means of the Illumina cBot2, and paired-end sequenced for 2x101 cycles
on an Illumina HiSeq3000 DNA sequencer with Illumina SBS (Sequencing-By-Synthesis)
reagents (Product numbers PE-410-1001 and FC-410-1003, Illumina, Inc.).
5.3.5

Data processing
Raw RNA-seq reads of the cDNA libraries were assessed for quality using FASTQC

software version 0.11.9 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), filtered to
remove TruSeq Adapter sequences, trimmed to remove low quality bases, and then filtered for
minimum length using BBDuk tool of BBTools version 36.92
(https://sourceforge.net/projects/bbmap/). Briefly, the 5’ end of the reads were hard clipped for
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the first 9 bases which consistently showed poor quality (ftl = 9), then quality trimmed across the
read using these BBDuk parameters: maq = 10, ktrim = r, k = 23, mink = 11, hdist = 1, tpe = t,
tbo = t, followed by length trimming (minlen = 70). Trimmed reads were then mapped to the
Ictalurus punctatus IpCoco version 1.2 reference genome assembly obtained from NCBI
BioProject PRJNA327588 using TopHat2 version 2.1.0 to genic regions represented in
annotation version 1.2.97 (Waldbieser et al., 2003). Expression values for each gene were
assessed using HTSeq-count (Anders et al., 2014). An experiment table that grouped expression
values for each gene by sample, treatment type and time point was then generated and filtered for
rows of genes with excessively missing or zero values. The filtered data was normalized using
the trimmed mean of M values (TMM) method.
Gene counts were tested for differential expression (DE) using the R-package DESeq2
(version 1.24.0, Love et al. 2014). A heatmap and principal component analysis were run across
samples to assess for outliers and three were removed from the final analysis (Ji and Sadreyev,
2018; Love et al., 2014). Two separate DE analyses were performed. In the first, treatment +
time point + block + treatment × time point (with interaction term) was tested against a second
reduced model time point + treatment + block (without interaction term). Block was included to
partition error variance which was found to be significant within blocks. The second reduced
model was used with adjusted P-values (padj) calculated using the Benjamini-Hochberg (BH)
adjustment for multiple tests. All plots were based on the log2-adjusted counts as implemented
in DESeq2.
5.3.6

Investigating significant genes through pathway analysis
The top differentially expressed gene (p-values < 0.001) protein sequences were

compared to zebrafish annotations to obtain the homologous zebrafish gene ID (corresponding to
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Danio rerio version GRCz11 ENSEMBL release 91) using BLAST with traditional e-value
filtering for top hits (Howe et al., 2013; Broughton et al., 2001). ENSEMBL Stable Gene IDs
were obtained from the top hit zebrafish gene IDs using the ENSEMBL Biomart Export Tool
and Gene Ontology (GO) groupings were identified in PANTHER (Mi et al, 2019a).
Differentially expressed genes were grouped using the “GO biological process complete,” “GO
molecular function complete,” and “GO cellular component complete” at a FDR < 0.05 to
identify overrepresented terms within each category (Mi et al, 2019b).
5.4
5.4.1

Results
Differentially expressed genes
This dataset was analyzed separately using the hypoxia-only time points, the recovery-

only time points, and in its entirety with both the hypoxia and recovery time points. These
datasets were largely in agreement, with limited differentially expressed genes identified in
independent analyses of the hypoxia and recovery datasets, respectively. Thus, the combined
data set is reported here except where noted. A total of 190 differentially expressed genes were
identified using the complete data set at padj < 0.001 (Table 5.1). The greatest number of
differentially expressed genes occurred at 6 hours (58 genes) and 12 hours (54 genes) after the
onset of hypoxia. During the normoxic recovery phases at 18 and 24 hours, the number of genes
differentially expressed decreased to 20 and 10, respectively. Many of the genes with the
greatest changes in expression at 6 and 12 hours (hypoxia) returned to control levels at 18 and 24
hours (normoxia, Figure 5.2).
At 6 hours post-hypoxia, the kell blood group glycoprotein-like (kel,
ENSIPUG00000008285) gene had the greatest DE compared to the control group (3.96 log2
fold-expression), while transmembrane protein 26 (tmem26, ENSIPUG00000007496) had the
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largest downregulated DE (-1.37 log2 fold-expression, Table 5.2). After 12 hours of hypoxia,
chromosome 4 open reading frame, human C15orf48 (c4h15orf48, ENSIPUG00000016311) had
the largest DE (3.90 log2 fold-expression, Table 5.3) whereas solute carrier organic anion
transporter family member 2A1 (slco2a1, ENSIPUG00000014975) had the largest
downregulated DE (-1.43 log2 fold-expression). At the 18-hour time point (12 hours of hypoxia
followed by 6 hours of normoxia), c4h15orf48 had the highest DE (3.19 log2 fold-expression)
and MAX network transcriptional repressor (mnta, ENSIPUG00000005519) had the largest
decrease in DE (-0.67 log2 fold-expression, Table 5.4). Again, at the 24-hour time point (12
hours hypoxia/12 hours normoxia), c4h15orf48 had the highest DE (3.19 log2 fold-expression)
while protein phosphatase 1 regulatory subunit 3E (ppp1r3e, ENSIPUG00000006355) decreased
the most (-1.03 log2 fold-change, Table 5.5).
The gene stanniocalcin 2b (stc2b, ENSIPUG00000005604) had the highest DE at the 12hour time point (4.04 log2 fold-change) and second highest at the 6-hour time point (3.66 log2
fold-change). However, stc2b was not included in the final interpretation of the data as stc2b
was above (padj < 0.008) the selected threshold (padj < 0.001) for significance in the full dataset
that includes all sampling time points. However, stc2b would have been included had only the
hypoxia data set been analyzed.
All neuropeptide genes with known appetite-regulating function were not differentially
expressed during the four time points measured (Table 5.6). Reference genes suggested for use
in channel catfish experiments (Small et al., 2008) were not significantly up- or down-regulated
by the hypoxia challenge used for this project (Table 5.7). Beta-2 microglobulin (b2m) was the
closest to being differentially expressed, with padj = 0.046.
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5.4.2

Gene Ontology biological processes
The PANTHER database identified 19 functional classes composed of 103 statistically

overrepresented GO biological processes (false discovery rate [FDR] < 0.05) from 170
differentially expressed genes when analyzing the full data set with all time-points (Figure 5.3).
Both GO biological processes “transferrin transport” and “peptidyl-aspartic acid hydroxylation”
had the highest fold-enrichment (# input genes/# expected genes) of 98.1-fold, but each only had
two genes differentially upregulated from their respective biological process. Of the original 19
GO biological processes identified 11 contained four or more genes with “induction of positive
chemotaxis” possessing the highest enrichment (45.0-fold, Figure 5.3). The process with the
lowest FDR (< 0.001) was “response to hypoxia.” The parent term “cellular process” had the
highest number of genes present (116), but the 1.28-fold enrichment was relatively low
compared to the rest of the dataset. Canonical glycolysis had the most statistically
overrepresented additional parent terms with 45.
The GO “response to hypoxia” biological process (19.2-fold enrichment, FDR < 0.001)
had ten differentially expressed genes (alas1, egln2, egln3, ddit4, hif1αn, igfbp1a, ldha, pgfb,
vegfaa, and vegfab) during this experiment, the greatest of all identified biological processes
(Figure 5.4). The log2 fold-change DE of vegfab (vascular endothelial growth factor A) was the
highest of the group with 2.0- and 1.8-fold increases at 6 and 12 hours, respectively. Apart from
alas1 and ldha, DE of these genes was highest at 6 and 12 hours and largely returned to control
levels by 18 hours. Lactate dehydrogenase A4 (ldha) and 5'-aminolevulinate synthase 1 (alas1)
maintained the most consistent levels of DE for the entirety of the experiment, ranging between
0.66- to 1.27 log2 fold-increases for all four time points. The genes alas1, cpox, epoa, fbxl5,
ncoa4, tfrc, and tfr2 are all involved with red blood cell production, heme biosynthesis, and iron
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homeostasis and on average had log2 fold-changes of 0.92, 1.12, 0.41, and 0.28 at hours 6, 12,
18, and 24, respectively. With the exception of cpox, fbxl5, and ncoa4, whose DE peaked at 6
hours, the remaining genes peaked at 12 hours. After 6 hours of normoxia, cpox, fbxl5, and
ncoa4 all had sharp declines in DE and most continued to further decline by hour 12 of
normoxia.
In contrast, many of the genes differentially expressed in the “glycolytic process”
remained upregulated throughout the duration of the experiment (Figure 5.5). Eight of the ten
steps of glycolysis had at least one differentially expressed gene linked to coding for that enzyme
at that step (Table 5.8). Among genes implicated for their importance for the electron transport
chain, only cox5a was significantly upregulated during this experiment (Figure 5.6). Citrate
synthase (cs, ENSIPUG00000018348) an enzyme commonly associated with aerobic
metabolism, did not change over the course of the experiment but did have negative DE on
average for each time point.
The relationships among differentially expressed genes at each time point were assessed
individually as well. When only examining the differentially expressed genes (62) 6 hours posthypoxia, five biological processes were significantly overrepresented, including: “leukocyte
chemotaxis” (3 genes), “regulation of positive chemotaxis” (3 genes), “protein hydroxylation” (4
genes), “response to hypoxia” (5 genes), and “oxidation-reduction process” (11 genes). When
analyzing only the differentially expressed genes at 12 hours post-hypoxia, four GO biological
processes were overrepresented: “heme biosynthetic process” (3 genes), “protein hydroxylation”
(3 genes), “response to hypoxia” (5 genes), and “oxidation-reduction process” (10 genes).
During the recovery phase (normoxia during hours 18 and 24) there were only 16 differentially
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expressed genes, which did not comprise a statistically overrepresented GO biological process
for either time point.
5.4.3

Gene Ontology molecular function and cellular component
Only one functional class from GO Cellular Component was statistically overrepresented,

“6-phosphofructokinase complex” (n = 3 genes, 63.04-fold enrichment, FDR = 0.048). The
three genes that comprise the “6-phosphofructokinase complex” are pfkla, pfklb, pfkpa.
Within the GO Molecular Functions, 14 functional classes of differentially expressed
genes were identified (Figure 5.7). Using the full statistical model, the GO molecular function
“vascular endothelial growth factor receptor 1 binding” had the highest fold-enrichment (100fold), but only contained two genes (vegfaa and vegfab). Of the GO molecular functions with
four or more genes, “L-ascorbic acid binding” had the highest fold-enrichment (35.0-fold). The
process with the lowest FDR (< 0.001) was “2-oxoglutarate-dependent dioxygenase activity”
while “iron ion binding” had the largest number of identified genes (n = 9 genes, 7.4-fold
enrichment, FDR < 0.002). The nine genes that belong to “iron ion binding” are cyp1b1, cyp1a,
egln2, egln3, fbxl5, pha2, pld1a, p4ha1b, and tet3.
5.5

Discussion
Typically, a fish’s response to hypoxia is a multi-faceted, coordinated effort involving an

array of behavioral, physiological, morphological, cellular, and molecular mechanisms. The
fundamental goal of the physiological response to hypoxia centers around a combination of
reducing aerobic metabolism, lowering the level of environmental PO2 that reduces oxygen
consumption (Pcrit), and shifting to a greater proportion of anaerobic glycolytic energy
production. The transcriptome data generated from channel catfish hypothalamus presented here
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reveals the underpinnings of a diverse physiological response intended to limit the negative
physiological impacts of episodic environmental hypoxia. These data suggest that within the
channel catfish hypothalamus there is a coordinated shift to glycolytic energy production coupled
with an increase of angiogenic and erythrocytic gene transcription in an attempt to either increase
the delivery and transport of oxygen or provide some degree of tissue-level protection during
acute periods of hypoxia. These transcriptional responses largely subside with the conclusion of
hypoxia.
Most of the differentially expressed genes in this experiment exhibited a pronounced
upregulation within 6 hours of hypoxia, which was maintained for the entire duration of the 12hour hypoxia challenge. A few genes (c18h15orf48, ncam3, plvapa, etc.) were upregulated for
the duration of the experiment, but most others returned to basal values by 6 hours after the onset
of recovery (18-hour time point). Only four genes exhibited the opposite pattern, presenting a
log2fold DE of < 1.0 for the first two time points followed by DE > 1.0 for the final two time
points: adma, slc16a1a, mylk5, and fabp11a. These four genes have a variety of unrelated
functions in fishes and other animals, including thirst regulation (adma, Samson, 1999),
monocarboxylate transport (slc16a1a, Kim et al., 2017), protein phosphorylation (mylk5, Chu et
al., 2011), and lipid uptake and transportation (fabp11a, Bayir et al., 2015). Of particular interest
for this study, adm has been found to act as an anorectic agent in rats (Reidelberger et al., 2002),
chickens (Wang et al., 2014), and quail (Wang et al., 2021) and was upregulated the most during
the recovery period, which is when most catfish are fed. However, in goldfish,
intracerebroventricular injections of human adm did not significantly reduce appetite (MartinezAlvarez et al., 2009). Other fish studies analyzing the transcriptome of the Wuchang bream
(Megalobrama amblycephala) liver (Sun, et al., 2017), gene expression of D. rerio embryos
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(Ton et al., 2003), and gene expression of various darkbarbel catfish (Pelteobagrus vachelli)
tissues (Zhang et al., 2017) during hypoxia found a similar time course of DE patterns identified
in this study: an upregulation of gene expression with the onset of hypoxia followed is quickly
followed by a return to basal levels after dissolved oxygen returns to normoxia.
The classic molecular response to hypoxia in fishes is characterized and often initiated by
the upregulation of the transcription factor HIF signaling pathway and has been examined across
a wide group of fish taxa (Cai et al. 2018; Geng et al. 2014; Townley et al. 2017; Feng et al.
2019). Perhaps of most importance is the role of hif-1α as a master regulator of downstream
transcriptional upregulation (Semenza, 2014). Hif-α genes are thought to be capable of binding
to hundreds of sites across the genome and the HIF proteins may initiate a cascade of gene
upregulation in response to hypoxia (Schoedel et al. 2011). Some of the differentially expressed
genes from this study found in the GO “response to hypoxia” biological process are known to be
directly upregulated by the transcription factor hif-1α including igfbp1a, ldha, vegfaa, and
vegfab. Epoa, the classic erythropoietic gene, had increased levels of expression throughout the
duration of the experiment and is also stimulated by hif-1α (Bunn et al., 1998; Lee and Percy,
2011).
Hypoxia-inducible factor 1 alpha inhibitor (hif-1αn) is a component of the HIF network
and a putative antagonist acting at the transcriptional level to mediate overexpression of hif-α
genes (Pelster and Egg, 2018). Within 6 hours and up to 12 hours of hypoxia, channel catfish in
the present study had elevated levels of hif-1αn. In a similar study, Geng et al. (2014) observed
increased expression of fih-1 (hif-1αn) in various tissues after channel catfish were subjected to 5
hours of hypoxia, although these changes were not observed in the brain. Six and 12 hours of
hypoxia in tilapia generated an increase in hif-1αn, yet no change in hif-1α, mirroring the results
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of this study (Li et al. 2017). Transgenic zebrafish that had the fih (hif-1αn) gene deleted
demonstrated a lower mortality during hypoxia and a greater expression of the hif-1α genes (Cai
et al., 2018).
5.5.1
5.5.1.1

Gene Ontology biological process terms
Response to hypoxia
This study discovered ten differentially expressed genes (alas1, egln2, egln3, ddit4,

hif1αn, ifgb1a, ldha, pgfb, vegfaa, and vegfab) that belong to the GO “response to hypoxia”
biological process. Both vegfaa and vegfab (vascular endothelial growth factor A & B) genes are
commonly upregulated during hypoxia and are critical to increasing angiogenesis (Zhu et al.
2013). Similarly, placental growth factor b (pgfb) seems to be involved in the regulation of the
erythropoietic and angiogenic responses to hypoxia and may be stimulated by the VEGF
complex of proteins (Hattori et al. 2002). 5’-Aminolevulinic acid synthase 1 (alas1) is a heme
biosynthetic enzyme (Layer et al. 2010). Lactate dehydrogenase-A (ldha) converts pyruvate into
lactate and its upregulation in this study may be indicative of a switch to anaerobic metabolism
(Nikinmaa and Rees, 2005). Ddit4 (DNA-damage-inducible transcript 4), also known as
REDD1, seems to be involved both in the negative feedback of hif-1 as well as regulating
apoptosis in mammalian cells (Horak et al., 2010). One of the differentially expressed novel
genes identified in this experiment ENSIPUG00000024661 is orthologous with the red-bellied
piranha gene ddit4-like and may also be involved with downregulating hif-1. Likewise, the egln2
and egln3 genes code the EGLN hydroxylase proteins that degrade HIF proteins while in the
presence of oxygen (del Peso et al. 2003). Finally, DE of ifgb1a during hypoxia has been
described for larval lake whitefish (Coregonus clupeaformis; Whitehouse and Manzon, 2019),
Atlantic salmon (Olsvik et al., 2013) and implicated in reduced growth of grass carp larvae (Sun
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et al. 2011). Insulin-like growth factor 1 (IGF-1) plays an integral role in catfish growth and
increasing IGFBP-1 decreases the binding ability of IGF and ultimately leads to decreased feed
consumption and growth of channel catfish (Peterson and Small, 2005). Additionally, there is
evidence that the related protein IFGBP7 may decrease appetite in Drosophila (Bader et al.,
2013) and the corresponding channel catfish gene (igfbp7) is significantly upregulated at the 24hour time point. The interplay between the igfbp1a and igfbp7 genes, IGF, hypoxia, and catfish
appetite may warrant further investigation.
One gene absent from the GO “response to hypoxia” biological process that was
differentially expressed in this study was hif1al2, hypoxia-inducible factor 1, alpha-like 2, which
was upregulated 2.1, 2.0, 1.0, and 0.5 log2 fold at 6, 12, 18, and 24 hours, respectively. The GO
database has included hif1al2 in various transcription biological processes and protein
dimerization and transcription factor activity under the GO molecular functions. The zebrafish
orthologue (ENSDARG00000044550) is synonymous with hif3b and hif2a, thus it is unclear
whether hif1al2 is one of the variants of the hif genes or perhaps another hif-1α gene. Zebrafish
larvae exposed to 2.5% oxygen saturation for 5 hours also experienced an upregulation of the
hif1al2 gene, but not hif1aa, hif1ab, and hif1al (Long et al., 2015).
The parent term of GO biological process “peptidyl-aspartic acid hydroxylation” is
“protein hydroxylation” which contained five differentially expressed genes (asph, hif1an,
p4ha1b, p4ha2, and plod1a; 41-fold enrichment, FDR < 0.001). The genes p4ha1b, p4ha2
(prolyl-4-hydroxylases), and plod1a (procollagen lysyl-hydroxylases) are a group of genes that
promote collagen formation, and their expression is directly stimulated by HIF proteins and have
been implicated in the formation of blood vessels (Gilkes et al, 2013, Hofbauer et al., 2003). It
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should be noted that although egln2 and egln3 are absent from this GO term, they too are wellknown protein hydroxylases involved with the degradation of HIF (del Peso et al. 2003).
Another transcriptional target of HIF-1 is the gene stc2b (Law and Wong, 2010), which
was not included as differentially expressed in the final analyses as it was narrowly excluded by
the selected adjusted P-value threshold. However, it had the highest differential expression at 12
hours (4.04 log2 fold-change), second highest at 6 hours (3.66 log2 fold-change) and would have
been included had the recovery phase been omitted from the analyses. Interestingly, STC2 has
been described to decrease postnatal growth (Chang et al. 2008) and act as an anorectic factor in
mice (Jiao et al. 2017). Generally, the STC proteins have been associated with the regulation of
calcium ions in fishes and have not been previously correlated to appetite regulation. However,
the function of stc2b is largely unknown (Schein et al. 2012) and its role during periods of
hypoxia may be of interest for future studies.
Although there was no differential expression of hif genes in this study, it is possible that
sampling at earlier time points prior to 6 hours of hypoxia or an assessment of different tissues
would have revealed shifts in hif gene expression. Geng et al. (2014) demonstrated the hif genes
can be upregulated within 1.5-5 hours following the onset of hypoxia in channel catfish,
depending on tissue-type. In the brain, Geng et al. (2014) found hif1a and hif3a were
differentially expressed after 5 hours of hypoxia treatment, while hif2a and hif1an were not.
Given the numerous differentially expressed genes identified in the current study that are known
targets of HIF, there is indirect evidence hif1a may have been originally upregulated but was
missed by the experimental design. Perhaps an earlier sampling time point, or the use of
different tissues would have provided more direct evidence that hif1a initiated this cascade of
gene expression. Further bolstering this supposition is known down-regulators of hif1a, the
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genes ddit4, egln2, egln3, and hif1an, were all differentially upregulated 6 hours after the onset
of hypoxia, and thus may have decreased the expression of hif1a. Alternatively, there may
simply be a constant rate of hif1a expression followed by the immediate degradation by cellular
oxygen (Semenza, 2014), thus preventing further downstream transcription during periods of
normoxia.
5.5.1.2

Angiogenesis and oxygen transport
Upregulation of vascular endothelial growth factor (VEGF) is highly influenced by

transcription of HIF (Pugh and Ratcliffe, 2003) and is important for the development and repair
of new blood vessels from existing vessels (Kliche and Waltenberger, 2001). Nine genes were
identified that were categorized in the “GO Angiogenesis” term; activin A receptor like type 1
(acvrl1), angiomotin-like 2a (amotl2a), angiopoietin-like 4 (angptl4), insulin-like growth factorbinding protein 7 (igfbp7), kinase insert domain receptor (kdr), placental growth factor (pgf),
solute carrier family 2 member 1b (slc2a1b), and both vascular endothelial growth factor Aa
(vegfaa) and Ab (vegfab). Upregulation of vegfaa and vegfab during periods of hypoxia has
been identified in a variety of fishes including oscars (Astronotus ocellatus, Baptista et al. 2016),
Nile tilapia (Oreochromis niloticus, Zhao et al., 2014), and European sea bass (Dicentrarchus
labrax, Rinaldi et al., 2005).
Few studies have attempted to quantify the role of angiogenesis during the hypoxia
response of fishes. One study of an amphibious fish, the mangrove killifish (Kryptolebias
marmoratus) indicated angiogenesis was only utilized during periods of emersion from water,
whereas the aquatic hypoxic response was characterized by an increase of red blood cell density
coupled with moderate increases in oxygen affinity (Turko et al., 2014). This increased gene
expression could increase blood supply to the hypothalamus and likely reflects the critical
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importance of maintaining oxygen tension for the brain. Given that it may take at least 24-48
hours for the development of new vessels (Nicoli and Presta, 2007), it seems likely the catfish in
this experiment or in an aquaculture pond would not actually receive an adaptive physiological
benefit from an increase of angiogenesis. However, given that catfish are unable to predict the
duration of a developing hypoxia event, it may be that allocating energetic resources towards
new vasculature is most beneficial for a longer-term bout of hypoxia.
A common response to hypoxia is an attempt to increase the amount of oxygen
transported through the blood, either through increasing the concentration of erythrocytes or their
binding efficiency. Several of the differentially expressed genes identified in this experiment
may facilitate a number of these roles and may act in concert with one another, including tfrc,
tfr2, cpox, and epoa. Transferrin genes tfrc and tfr2 are hypoxia-induced genes that transport
iron and may facilitate the production of hemoglobin (Rolfs et al., 1997; Zhu et al, 2013).
Increased erythropoietin (EPO) expression has been found in many hypoxic mammalian brains
(Marti, 2004) and is suspected to play a role in protecting neurons from damage and improving
the angiogenic response of the VEGF proteins and maintenance of calcium regulation (Oehlers et
al. 2007). Chou et al. (2004) found EPO expressed in the brain, heart, and liver of pufferfish
(Fugu rubripes), although whether or not hypoxia stimulated an increased epo expression in
Fugu remains unclear. Similarly, EPO is suspected to be responsible for increased hemoglobin
in the brain of medaka (Oryzias latipes, Oehlers et al. 2007). It is doubtful that upregulation of
these erythropoietic genes in the hypothalamus represents an adaptive function capable of
improving oxygen transport to other, more distant tissues. However, in conjunction with the
upregulation of the angiogenic genes it may point to a protective mechanism designed to
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maintain and protect brain function or stave off permanent brain damage during longer periods of
hypoxia.
5.5.1.3

Glycolytic gene regulation
No genes that were differentially expressed would directly lead to a reduction in aerobic

metabolism, but there is ample evidence that a group of genes have been upregulated in an effort
to perhaps shift energy production to anaerobic glycolysis. These data included at least one
differentially expressed gene at every step of glycolysis except for gpib, gapdh, and pgk1 at steps
5, 6, and 7, respectively.
Aldolase b (aldob), hexokinase-1 (hk1), and phosphofructokinase, liver b (pfklb) were all
upregulated during the hypoxia phase only and returned to basal rates within 6 hours of returning
to normoxia. However, unlike the pattern displayed by most the genes identified in the
“response to hypoxia” parent term, six of the nine listed here remained upregulated even 12
hours after the conclusion of the hypoxia trial. These data mirror that of other fishes during
periods of hypoxia, such as the longjaw mudsucker (Gillichthys mirabilis, Gracey et al., 2001),
D. rerio embryos (Ton et al., 2003), and adult D. rerio (van der Meer et al., 2005) which found
increased transcription of numerous glycolytic enzymes within 8 hours of the onset of hypoxia.
Transcriptomic analysis of the yellow croaker (Larimichthys crocea) brain also revealed an
increase of gene expression in numerous genes associated with glycolysis while coupled with the
downregulation of genes involved with aerobic metabolism (Ao et al., 2015).
Interestingly, with the exception of cox5a, none of the genes commonly associated with
the mitochondrial electron transport chain during cellular respiration were differentially
expressed in this experiment. These data suggest the hypoxia response in the hypothalamus does
not include mechanisms to increase efficiency or output of energy from the electron transport
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chain, which would seem to be unproductive in the absence of oxygen. Still, the hypoxia
response did upregulate the potential for glycolysis, which could yield an inefficient increase of
ATP production during hypoxia or anoxia. A longer-term experiment investigating the fate of
these genes and the resulting aerobic and anaerobic metabolism would provide useful context for
understanding these energetic strategies.
5.5.2

Gene Ontology molecular function and cellular component terms
A number of the categories identified in the GO molecular function grouping have

analogous categories in the GO biological process groups and use the same genes for their
identification, i.e., the biological process “transferrin transport” and the molecular function
“transferrin receptor activity” were both identified by the genes trf1b and tfr2. It is unlikely that
treating these categories as distinctly separate would offer a deeper understanding of the channel
catfish transcriptome. Others, like the molecular function “iron ion binding,” are clearly in the
same realm of physiological activity as the biological process “iron ion homeostasis,” but
includes genes not previously implicated, including cyp1a, cyp1b1, egln2, egln3, fbxl5, hif1an,
p4ha2, p4ha1b, plod1a, and tet3. In this instance, analyzing how these genes interplay with the
aforementioned “iron ion homeostasis” genes could reveal a deeper understanding of the
physiological roles of iron, oxygen binding, and hemoglobin during hypoxia.
The genes pfkpa, pfkla, and pfklb were categorized in the GO molecular functions “6phosphofructokinase activity (GO:0003872),” “fructose-6-phosphate binding (GO:0070095),”
and “AMP binding (GO:0016208),” and among other genes in identical protein binding
(GO:0042802). They were also the lone genes from this study in the GO cellular component 6phosphofructokinase complex (GO:0005945). These three genes were also identified as
components of the GO Biological Process “glycolytic process” and are involved with step three
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of glycolysis, the phosphofructokinase-catalyzed reaction where fructose 6-phosphate has a
phosphate group transferred from ATP to form fructose 1, 6-biphosphate. Boscá and Corredor
(1984) suggested phosphofructokinase is the rate-limiting enzyme of glycolysis, and indeed the
DE of this gene at hours 6 and 12 were higher than any other gene for any other step of
glycolysis with the exception of gapdh, which was not significantly different.
5.5.3

Stability of reference genes
Perhaps of interest for future studies, none of the channel catfish reference genes

analyzed and suggested for use by Small et al. (2008) were significantly upregulated in this study
(Table 5.7), indicating they were all generally stable throughout the experiment. Small et al.
(2008) suggested gapdh as a possible refence gene; although it is inadvisable to use this
reference gene in hypoxia studies as it is directly involved with glycolysis. Similarly, b2m
approached significant differential expression in this analysis, indicating it may be less stable
than other reference genes. Overall, reference genes identified by Small et al. (2008) were stable
throughout this experiment, supporting the validity of the experimental design, analyses and
findings.
5.5.4

Neuropeptide regulation of appetite
Hypoxia-driven reduction in appetite has largely been attributed by the upregulation of

the neuropeptides CRF and UI that comprise the HPI axis (Bernier, 2006). None of the genes
associated with these neuropeptides or their receptors were differentially expressed during the
time points sampled in this project. Likewise, transcriptome analysis of hypoxic yellow croaker
brains (Ao et al., 2015) and whole-body qPCR analysis of hypoxic embryonic and larval lake
whitefish revealed very uneven responses of HPI axis genes (Whitehouse et al., 2020). In the
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aforementioned studies, CRF was upregulated by hypoxia in only three of five different aged
lake whitefish (Whitehouse et al., 2015) and was actually downregulated during hypoxia
challenges in yellow croaker (Ao et al., 2015). Bernier and Craig (2005) found exposure to 3550% oxygen saturation for 24-72 hours decreased food consumption in rainbow trout. Anorexia
was modulated in these trout by the upregulation of CRF and UI, although they had varied
results of their respective gene expression at the individual time points and levels of hypoxia.
However, it seems clear that CRF/UI has the potential to regulate appetite in a variety of fishes
under a variety of circumstances, given that ammonia simultaneously stimulates CRF and UI
mRNA levels and reduces appetite in rainbow trout (Ortega et al., 2005) and injections of UI and
CRH decrease appetite in goldfish (Bernier and Peter, 2000). Given the widespread results
among these studies, it raises the possibility that hypoxia-driven appetite regulation in different
fish species may be governed by varying mechanisms.
Several genes were identified in ENSEMBL that are the likely precursors to numerous
neuropeptides associated with appetite regulation, yet none were significantly up- or downregulated. There are several possible reasons for this. The most parsimonious explanation is that
these genes simply are not upregulated during the time points measured for this level of hypoxia.
Perhaps one or more were upregulated prior to the initial sampling point (6 hours of hypoxia),
similar to the hypothesized explanation for lack of hif1a upregulation. Likewise, a higher
intensity of hypoxia may have elicited a different result. Alternatively, sampling a different
region of the brain may have revealed different results, although many of these neuropeptides are
produced in the hypothalamus (Volkoff et al., 2005).
Furthermore, a confluence of environmental and physiological factors working in concert
may be required to generate the hypoxic-induced anorectic neuropeptide response in channel
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catfish. For example, in a catfish aquaculture pond, environmental oxygen reaches its lowest
diel point at night (Boyd et al., 2018), which is reflected by the present experimental protocol.
However, there are two additional factors in an aquaculture pond that these experimental
conditions did not accurately reflect. One, the dissolved carbon dioxide concentration is also at
its highest when dissolved oxygen is lowest, thus lowering the pH of the surrounding water. A
decrease in pH can decrease Hb-O2 binding affinity of blood (P50) and lower the oxygen carrying
capacity, perhaps further increasing the functional hypoxia of the fish. Furthermore, to
counteract low oxygen in aquaculture ponds, supplemental aeration is applied to increase the
oxygen concentration and prevent suffocation. In earthen catfish ponds, mechanical aeration is
provided by paddlewheel aerators and may be operational for 12 hours (Boyd et al., 2018). This
induced exercise has a metabolic cost that must be compensated for with either extra oxygen or
anaerobic energy production. It is possible that the cumulative effects of a low environmental
oxygen availability, a lower environmental pH that decreases the P50, and an exercise-induced
physiological hypoxia may provide the appropriate stimulus to produce the cascade of events
that trigger anorexia.
5.5.5

Conclusion
This dataset offers a window into the transcriptomic response in the hypothalamus of

channel catfish during a 12-hour period of hypoxia. Future studies should attempt to elucidate
what or if any coordinated mitigation efforts exist among tissues important for the hypoxic
response, such as the gill lamellae, liver, anterior kidneys, heart, and spleen. The sheer number
of known HIF targets that were upregulated during these measurements suggests that hif1a was
likely differentially expressed at an earlier time point following the onset of hypoxia. Several of
the HIF antagonists identified here, as well as those involved with glycolysis, could serve as
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useful biomarkers of hypoxia. Although gene transcripts directly responsible for regulating
appetite were not differentially expressed in this study, targets were identified that may be
fruitful for future studies in this regard, such as adm, igfbp1a, igfbp7, and stc2b.
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Table 5.1

Numbers of differentially expressed genes in the channel catfish hypothalamus
during 12 hours of hypoxia followed by 12 hours of normoxia.

Variable
padj

Full model Full model
< 0.001

317

190

24H

< 0.001

< 0.001

< 0.001

< 0.001

DEG > 1.0 log2 fold-increase (n)

58

54

20

10

DEG < -1.0 log2 fold-decrease (n)

1

4

0

1

DEG (n)

< 0.01

6H

Time point
12H
18H

Values represent numbers (n) of differentially expressed genes (DEG) with an adjusted P-value
(padj) less than the 0.01 and 0.001 for the full experimental model of block + time + treatment +
(time × treatment). Also included are the numbers of genes that are differentially expressed at
padj < 0.001 level for the full model that also have a log2 fold-change > 1.0 or < -1.0 at the
individual sampling time points (6, 12, 18 , and 24 hours [H] after the onset of hypoxia). Note
that the number of differentially expressed genes decrease with each successive time point and
that there is a large decrease of differentially expressed genes upon the conclusion of hypoxia,
after the 12-hour time point. Shaded areas represent periods of hypoxia.

132

Table 5.2

Channel catfish genes from the hypothalamus with the greatest increase and
decrease in differential expression after 6 hours of hypoxia.

ENSEMBL gene ID, channel catfish gene description, gene, and differential expression (DE) of
animals that had been subjected to a hypoxia treatment at 20% oxygen saturation for 6 hours.
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Table 5.3

Channel catfish genes from the hypothalamus with greatest increase and decrease
in differential expression after 12 hours of hypoxia.

ENSEMBL gene ID, channel catfish gene description, gene, and differential expression (DE) of
animals that had been subjected to a hypoxia treatment at 20% oxygen saturation for 12 hours.
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Table 5.4

Channel catfish genes from the hypothalamus with the greatest increase in
differential expression after 12 hours of hypoxia and 6 hours of normoxia.

ENSEMBL gene ID, channel catfish gene description, gene, and differential expression (DE) of
animals that had been subjected to a hypoxia treatment at 20% oxygen saturation for 12 hours
and followed by 6 hours of normoxia at 100% saturation.
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Table 5.5

Channel catfish genes from the hypothalamus with the greatest increase and
decrease in differential expression after 12 hours of hypoxia and 12 hours of
normoxia.

ENSEMBL gene ID, channel catfish gene description, gene, and differential expression (DE) of
animals that had been subjected to a hypoxia treatment at 20% oxygen saturation for 12 hours
and followed by 12 hours of normoxia at 100% saturation.
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Table 5.6

Gene expression of neuropeptides commonly associated with appetite regulation in
channel catfish during and after a hypoxia challenge.

ENSEMBL gene ID, gene description and gene, whether neuropeptide increases (orexigenic) or
decreases (anorectic) appetite, differential expression (log2 fold-change), and adjusted P-value
(padj). Note that both hours 6 and 12 are periods of hypoxia (shaded grey) while hours 18 and
24 are periods of normoxic recovery.
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Table 5.7

Differential expression of suggested reference genes for channel catfish gene
expression studies after 12 hours of hypoxia followed by 12 hours of normoxia.

ENSEMBL gene ID, gene description and gene, differential expression (log2 fold-change), and
adjusted P-value (padj) of recommended reference genes adapted from Small et al. (2008).
Genes with lower log2 fold-changes and larger adjusted P-values (padj) values are likely more
stable in the hypothalamus during hypoxia experiments. Note that both hours 6 and 12 are
periods of hypoxia (shaded grey) while hours 18 and 24 are during periods of normoxic
recovery.
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Table 5.8

Differential expression of the genes coding for each enzyme during glycolysis in
the channel catfish hypothalamus.

Differential expression (log2 fold-expression) of channel catfish gene variants for each step of
glycolysis at each sampling point (6, 12, 18 , and 24 hours [H] after the onset of hypoxia). Note
that both hours 6 and 12 are periods of hypoxia (shaded grey) while hours 18 and 24 are during
periods of normoxic recovery.
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Figure 5.1

Dissolved oxygen (% saturation) concentration of the hypoxia exposure used in
this experiment.

Each symbol on the graph denotes a sampling point wherein both a normoxic control (circle) and
hypoxic (diamond) fish were sampled from each tank. Hours 18 and 24 have overlapping
normoxic and hypoxic sampling points.
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Gene name

6H

12H

18H

24H

kel
nt5c2l1
znf395a
igfbp1a
p4ha1b
egln3
novel?
slc16a3
C18H15orf48
zgc:92606
hif1al2
ncam3
vegfab
cyp1a
ifngr1
cpox
pmm1
zgc:64002
plvapa
ackr4b
ddit4
gys1
emp3b
adamts9
cxcr4b
eef2k
CU633991.1
g0s2
p3h4
btg2
ppp1r15a
si:dkey-85k7.7
mcl1b
novel
ero1a
pfkla
gprc6a
stra6l
epoa
ldha
tpm4a
bcl6b
ampd2a
slc16a1a
pcdh12
sult6b1
mylk5
fabp11a
slco2a1
abcg2a
tmem26b

Figure 5.2

Heatmap of differentially expressed genes of channel catfish exposed to 12 hours
of hypoxia followed by 12 hours of normoxia.

Heatmap of differentially expressed genes (n = 51) with at least one measurement greater or less
than 1.3 or -1.3 log2 fold-expression at each sampling time point (6, 12, 18 , and 24 hours [H]
after the onset of hypoxia). Sorted at the 6-hour time point with greatest differential expression
first. Darker red colors indicate greater positive differential expression and darker green colors
indicate greater negative differential expression.
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Figure 5.3

Numbers of differentially expressed genes found in statistically overrepresented
Gene Ontology biological process terms.

Number of significantly differentially expressed genes from this study (thatched bars) and
number expected based on those present in the genome assigned to that process from statistically
overrepresented Gene Ontology (GO) biological processes (FDR < 0.05). The pool of genes
includes all those differentially expressed genes (170) at all time points recognized by the GO
database.
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ENSEMBL Gene ID
ENSIPUG00000017388
ENSIPUG00000001099
ENSIPUG00000023129
ENSIPUG00000024646
ENSIPUG00000005875
ENSIPUG00000000895
ENSIPUG00000014271
ENSIPUG00000009920
ENSIPUG00000001269
ENSIPUG00000023991

Figure 5.4

gene
vegfab
elgn3
elgn2
hif1an
ldha
vegfaa
igfbp1a
ddit4
alas1
pgfb

6H

log2 fold-expression
12H
18H

24h

Differential expression of genes included in the Gene Ontology biological process
“response to hypoxia.”

Relative differential expression (log2 fold-change) at 6, 12, 18, and 24-hour (H) time points of
genes included in the Gene Ontology biological process “response to hypoxia.” Bar length
represents differential expression relative to the other values presented. The genes are listed in
order by the lowest adjusted P-value (padj) and all are < 0.001.
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ENSEMBL Gene ID
ENSIPUG00000015851
ENSIPUG00000000738
ENSIPUG00000000343
ENSIPUG00000006656
ENSIPUG00000021701
ENSIPUG00000022840
ENSIPUG00000006988
ENSIPUG00000010651
ENSIPUG00000014950

Figure 5.5

gene
hk1
pfkpa
pgam1a
pfkla
pfklb
gpia
tpi1b
pkma
aldob

6H

log2 fold-expression
12H
18H

24H

Differential gene expression of genes included in the Gene Ontology biological
process “glycolytic process.”

Relative differential gene expression (log2 fold-change) at 6, 12, 18, and 24-hour (H) time points
among genes included in the Gene Ontology biological process “glycolytic process.” Bar length
represents differential expression relative to the other values presented. The genes are listed in
order by the lowest adjusted P-value (padj) and all are < 0.001.
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Ictalurus punctatus gene description
BCL2 interacting protein 3
cytochrome c oxidase subunit 2
cytochrome c oxidase subunit 4 isoform 1
cytochrome c oxidase subunit 4 isoform 2
cytochrome c oxidase subunit 5A
cytochrome c oxidase subunit 6A
cytochrome c oxidase subunit 7A1
cytochrome c oxidase subunit 7A2
electron transfer flavoprotein dehydrogenase
cytochrome b561
NADH: ubiquinone oxidoreductase subunit B3
NADH: ubiquinone oxidoreductase subunit S4
succinate dehydrogenase complex flavoprotein subunit A
solute carrier family 2, facilitated glucose transporter member 1-like

Figure 5.6

gene
bnip3
cox2
cox4i1
cox4i2
cox5a
cox6a1
cox7a1
cox7a2
etfdh
cyb561
ndufb3
ndufs4
sdha
slc2a1a

log2 fold-expression
6H
12H
18H

24H

padj
0.47
0.78
0.72
0.84
0.00
0.89
0.49
0.96
0.81
0.66
0.90
0.94
0.88
0.15

Differential expression among genes associated with the electron transport chain
during oxidative phosphorylation.

Relative differential expression among genes generally associated with the electron transport
chain during oxidative phosphorylation at each sampled time point (6, 12, 18 , and 24 hours [H]
after the onset of hypoxia). Note that hours 6 and 12 are during periods of hypoxia while hours
18 and 24 are during periods of normoxic recovery.
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Figure 5.7

Numbers of expected and measured differentially expressed genes from
statistically overrepresented Gene Ontology molecular processes.

Numbers (n) of expected and submitted differentially genes from statistically overrepresented
Gene Ontology (GO) molecular processes (FDR < 0.05). The pool of genes includes all those
differentially expressed genes (170) at all time points recognized by the GO database.
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A.1

Parts List

A.1.1
•
•
•
•
A.1.2
•
•
•
•
•
•
•
•
•
•
•
A.1.3
•
•
•
•
A.1.4
•
•
•
•
•
•
•
•

PVC pipe
12” × 5’ Clear Schedule 40 PVC pipe (FlexPVC, Pahrump, Nevada)
1” flexible PVC (FlexPVC)
1” Schedule 40 PVC pipe (Spears Manufacturing Company, Sylmar, California)
1.5” Schedule 40 PVC pipe (Spears Manufacturing Company)
PVC fittings
12” × 12” × 4” Schedule 40 PVC reducing tee – Socket × Socket × Socket (Spears
Manufacturing Company)
12” × 4” Schedule 40 PVC reducer bushing (Spears Manufacturing Company)
4” × 2” Schedule 40 PVC reducer bushing (Spears Manufacturing Company)
2” × 1” Schedule 40 PVC reducer bushing (Spears Manufacturing Company)
1.5” × 1” Schedule 40 PVC reducer bushing (Spears Manufacturing Company)
12” Schedule 40 plug (Spears Manufacturing Company)
1.5” Schedule 40 PVC coupling (Spears Manufacturing Company)
1” Schedule 40 union (Spears Manufacturing Company)
2” Schedule 40 union (Spears Manufacturing Company)
1” Schedule 40 slip ball valve (Pentair Aquatic-Ecosystems, Inc., Apopka, Florida)
½” ball valve with ¼” hose barb (Pentair Aquatic-Ecosystems, Inc.)
Pumps
AByzz A100 DC Water Pump-inflow (Venotec GmbH, Rastede, Germany)
AByzz A200 DC Water Pump-outflow (Venotec)
NH-100PX-X magnetic drive pump (Pan World, Ibaraki-ken, Japan)
DOA-P704-AA vacuum pump (Gast Manufacturing, Benton Harbor, Michigan)
Miscellaneous supplies
Vacuum lubricant (Dow Corning, Midland, Michigan)
Onyx Ultra O2 concentrator (AirSep, Buffalo, New York)
30” L × 30” W × 60” D Fiberglass (Hydro Composites, Brookdale, Texas)
Plunger from 1-1/2” MPT standard mount PVC float valve with 1” orifice (Kerick Valve,
Jacksonville, Florida)
33” Stainless Steel 5/16” all-thread rod
8” diameter round float ball with 5/16” female thread (Kerick Valve)
3/8” ID rubber tubing (Thermo Fisher Scientific, Waltham, Massachusetts)
1” square aluminum support tubing
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